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Abstract 
 
The research aim of this project was to develop a sensor capable of detecting mercury in 
gaseous flow in alumina refineries for a concentration range from 1 to 10 mg/m3 at 
temperatures of 20-80 °C. The objectives were set to monitor the mercury in an industrial 
environment.  
 
Quartz crystal microbalances (QCMs) with gold films were investigated and utilized in 
mercury sensing. When mercury amalgamates with thin gold film it changes the frequency 
of the device and the rate of the frequency change corresponds to the mercury 
concentration. The researcher’s goal was to improve the device sensitivity via gold film 
surface modification. In a QCM, the sensing mechanism is predominantly surface-
dominated. Surface features of small grain size, large aspect ratio and, high porosity are 
required to realize a highly sensitive QCM. Gold covered nano-features on the surface of 
QCM electrodes were employed for increasing the surface to volume ratio of the device to 
enhance its sensitivity.  
 
Three different methods were employed for the formation of nanostructured films which 
were covered with gold to form the mercury sensing layers. Nanofeatured thin films were 
successfully fabricated on the QCM electrode surfaces using thermal evaporation, 
anodization and nanocarving processes. These processes were chosen as they were 
compatible with QCM standards and the rigid structure of QCM allowed and facilitates 
such surface manipulations.  
 
Thermal evaporation was used for the deposition of nanostructured molybdenum oxide 
(MoO3). These nanostructures comprised of hexagonal nanoplatelets with the majority of 
the side dimensions of less than 250 nm and thicknessed of less than 20 nm. Anodization 
process was used on QCMs’ titanium films electrodes. This method presented a 
controllable procedure to obtain nanoporous structures in titanium films. The nanopores of 
diameters in the range of 10-20 nm, pores length of 300-600 nm and inter-gaps in the 
order of 20-40 nm were obtained. Nanocarving process was used for carving the titanium 
thin films with H2 at elevated temperatures. Nano-rods of diameters 20-150 nm, lengths of 
up to 600 nm, and spacing in the range of 70-150 nm were observed. 
 
The author employed an extensive range of characterisation equipment to understand 
films’ properties. In addition, different techniques were employed to correlate the gas 
 v 
sensing behavior to the films’ micro/nano characteristics. These analysis techniques 
include Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM) which 
allowed visual analysis of the morphology of the thin films. Crystallization and grain 
structures were inspected by Transmission Electron Microscopy (TEM) analysis, crystallite 
phases were determined by X-Ray Diffraction (XRD) analysis, surface area of a material 
was assessed by Brunauer Emmett Teller (BET) analysis and determination of the 
presence of metals was carried out by Inductively Coupled Plasma Mass Spectroscopy 
(ICP-MS) analysis.  
 
A computer controlled 4-channel gas calibration system was designed and developed to 
calibrate and test the sensors towards mercury, humidity and ammonia vapours. 
Compared to non-modified QCMs, the thermally evaporated nanostructures (MoO3) and 
anodized nonporous films (TiO2) showed larger sensitivities towards mercury vapours 
which were attributed to the large surface to volume ratio of these structures. The effects 
of interferants were studied and the optimum operating temperatures were obtained.  
 
BHP Billiton and ALCOA companies financially supported this project. The research and 
development departments from these two companies were quite satisfied with the 
outcomes of this research project.  
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1 Motivations, aims and outcomes 
1.1 Introduction 
 
In the introduction of the dissertation, the author justifies the thesis topic by presenting the 
research motivations, aims and objectives, and then summarises the key outcomes and 
achievements. 
 
In section 1.1, the author will discuss the motivation. In section 1.2, some basic definitions 
of different sensors types and previous work on mercury sensing will be presented in 
order to enable readers, who may be from different disciplines and backgrounds, 
understand the text without any difficulty. Section 1.3 will present the justification for 
choosing a bulk wave sensor, quartz crystal microbalance (QCM), instead of other types 
of sensors. The methodology that resulted in proposing the QCM sensor will be 
presented. The reason for proposing the QCM with nanostructures will be explained and 
why these structures have superior performance. The author’s contributions to the body of 
knowledge and the outcomes of this PhD thesis will be presented in section 1.4. This 
includes: objective to develop a mercury sensor, and modification of QCM by adding 
nanostructures on its surface to increase the surface to volume ratio in order to enhance 
its sensitivity. Aim to develop a sensor to be used for the detection of mercury in gaseous 
flow in alumina refineries will also be presented in this section. Section 1.5 summarizes 
the achievements of the author and finally the last section 1.6, describes the thesis 
organization. 
 
2 
1.2 Motivation 
 
The mercury contamination of the environment has always been a significant concern. 
Mercury, originating from mining operations, is a major source of air pollution, soil and 
ground water contamination. Mercury is dangerous since it can bio-accumulate within the 
food chain and lead to irreversible neurological disorders and other health problems in 
humans and unborn fetuses [1, 2]. 
 
Mercury, as a liquid with high thermal and electrical conductivities, has many properties 
and useful in the industrial applications. Mercury is used in bactericides, fungicides and 
catalyst in the agriculture and chemical industry as a heat transfer agent [3]. At the same 
time, it is a toxic compound that can cause central nervous system disorders, kidney injury 
and eventually death.  
 
Mercury is generally released into the environment in an inorganic form by both natural 
and anthropogenic sources [1, 4, 5]. Natural sources include emissions from volcanoes 
and evaporation from water. Artificial sources of mercury include industrial pollution, 
burning of fossil fuels, mining and cremation [1]. 
 
Mercury presents in close association with many different types of ore minerals [6]. When 
originates from mining operations, it is a major source of pollution in air, soil and ground 
water. Natural emissions of mercury into the atmosphere have been  estimated to range 
from 2,700 to 6,000 metric tons per year, while world wide mining of the mercury is 
estimated to yield 10,000 tons per year [4]. It is estimated that human activities result in 
the release of 3,000 tons per year of mercury [1]. A significant source of environmental 
mercury contamination is gold mining in countries such as Brazil [7]. Mercury release due 
to gold mining results in environmental contamination through direct effluent discharge 
into local waterways and through volatilization [7]. Approximately 3 to 5 kg of mercury are 
used to extract 1 kg of gold, of which 25 to 45% is lost during the amalgamation 
process [8].  
 
Atmospheric mercury undergoes photochemical oxidation and is then scavenged by 
atmospheric particulates and global contamination occurs as the mercury is washed out of 
the atmosphere onto soil, vegetation, and water [1, 4, 9]. The majority of the 
environmental mercury contamination has occurred through the biotransformation of 
inorganic mercury to organic mercury  in a process termed methylation [1]. Methylmercury 
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(MeHg) is a compound worthy of scientific and societal concern. The monitoring and 
control of mercury sources are important as it can bioaccumulate within the food chain 
and are consumed by humans causing irreversible neurological disorders and other health 
problems [1, 2, 10].  
 
Accurate monitoring and removal of toxic air emission such as mercury will be of 
substantial social and environment benefits to communities and increasing the 
sustainability of aluminium refineries. Bauxite is the main source of aluminium and 
contains a significant level of mercury [11]. The digestion and evaporation steps of 
aluminium refineries involve flash evaporation/cooling. These produce a stream of 
vapours and a significant concentration of mercury is present in the vapour phase. The 
mercury concentration depends upon temperature [11].  
 
The aim of this project is to develop sensors to be used for the detection of mercury in 
gaseous flow in alumina refineries for a concentration range from 1 to 10 mg/m3 at 
temperatures of 20-80 °C. The objectives are set to monitor the mercury in an industrial 
environment. These conditions for concentration and temperature were provided by 
ALCOA and BHP Billiton which are implemented in their alumina refineries.  
 
It is intended to increase the efficiency of such sensors by enhancing the surface to 
volume ratio of the mercury sensitive layer using nano/micro structured thin films. The 
sensors should be selective and sensitive to target mercury vapour and non sensitive to 
various other interfering compounds such as ammonia and humidity.  
 
1.3 Sensor type  
 
There are many types of transducers that can be used for mercury sensing applications. 
Mercury is a metal; it is conductive and has a high density. Having a high density, mass 
sensors such as the ones which operate based on acoustic wave propagation can be 
efficiently used for its detection. Mercury is conductive with a permittivity of a metal. 
Having these properties, both electrochemical and conductometric sensors can also be 
effectively used for its sensing.  
 
In this section, different types of sensors suitable for mercury sensing will be introduced. 
Previous work on mercury sensing by different research groups will be presented. Gold 
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has a high affinity with mercury. It will be shown that gold will play an important role in 
most of these works. 
 
1.3.1 Acoustic wave sensors and propagation modes  
 
A brief overview of different types of acoustic wave sensors and their operations is 
presented in this section. Their respective advantages and their specific applications are 
discussed. 
 
Acoustic wave devices have been in use for over half of a century. The telecommunication 
industry is the largest user of these devices [12], primarily for mobile phones and base 
stations. Acoustic sensor applications include all areas of sensing in automotive 
applications as torque and tire pressure sensors, medical applications as biosensors and 
industrial and commercial applications as vapour, humidity, temperature, and mass 
sensors. Acoustic wave sensors are competitively priced, inherently rugged, very 
sensitive, and intrinsically reliable [12]. These devices use an acoustic or mechanical 
wave for the sensing mechanism. The velocity and/or amplitude of the acoustic wave 
changes as it transmit through or on the surface of the material with the change in 
characteristics of the propagation path. Changes in the characteristics of propagation alter 
the frequency or phase, allowing sensors to directly sense mass and chemical quantities.  
 
The piezoelectric effect, the production of electricity by the application of mechanical 
stress, was discovered by the brothers J. and P. Curie in 1880. The converse effect was 
predicted by Lippmann in 1881, refers to the deformation produced, mechanical stress, in 
the same materials by the application of an electric field and confirmed by the Curies in 
the same year. The first acoustic wave device using a piezoelectric material was 
fabricated in 1921, when Cady discovered the quartz resonator for stabilizing electronic 
oscillators [13]. All acoustic wave devices use piezoelectric materials to generate the 
acoustic waves. Piezoelectric acoustic wave sensors apply an oscillating electric field to 
create a mechanical wave, which propagate through the substrate and is then converted 
back to an electric field for measurement [12]. 
 
Piezoelectric effect exists in certain materials that can be used in acoustic wave devices 
(the mostly used are quartz (SiO2) and lithium tantalate (LiTaO3), and lithium niobate 
(LiNbO3)). Table 1.1 shows specifications for each material, including the cuts and 
orientations. Each material has specific advantages and disadvantages, which includes 
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cost, temperature dependence, attenuation, and propagation velocity [14]. The resonance 
frequency of acoustic resonators depends on temperature and temperature-frequency 
coupling is minimized by utilizing special crystal cuts. With a proper cut selection, the first 
order temperature effect can be reduced. A widely used temperature-compensated cut of 
quartz is the AT-cut. Temperature compensated cut is not true for LiTaO3, and LiNbO3, 
where linear temperature dependence always exists for all material cuts and propagation 
directions [14]. Other materials that can be use as acoustic wave sensors are langasite 
(LGS) and gallium-orthophosphate (GaPO4) which can be implemented at high 
temperatures. Zinc oxide (ZnO), lead zirconium titanate (PZT), polyvinylidene fluoride 
(PVDF), silicon carbide (SiC), aluminium nitride (AIN), and gallium arsenide (GaAs) are 
other common piezoelectric materials. 
 
Table 1.1 Physical parameters of more commonly used piezoelectric materials [14] 
Material Orientation Velocity (m/s) 
Temperature 
Coefficient (ppm/°C) 
Attenuation at 
1GHz (dB/µS) 
Quartz Y, X 3159 -24 2.6 
Quartz AT 3200 0 - 
Quartz ST, X 3158 0 3.1 
Lithium 
Tantalate Y, Z 3230 35 1.14 
Lithium 
Tantalate 167 rotation 3394 64 - 
Lithium 
Niobate Y, Z 3488 94 1.07 
Lithium 
Niobate 128 rotation 3992 75 - 
 
 
Depending on the wave propagation through or on a piezoelectric material, different 
acoustic propagation modes exist such as thickness-shear-mode (TSM), flexural-plate-
wave (FPW) and surface-acoustic wave (SAW). Acoustic waves are primarily 
distinguished by their different propagation velocities, displacement directions and 
dependant on the material and boundary conditions. If the wave propagates through the 
substrate, the wave is called bulk acoustic wave (BAW) mode which also includes the 
shear-horizontal acoustic plate mode (SH-APM) and TSM. In TSM, the motions of the 
atoms are parallel to the major faces of the crystal or sensing surface, whereas the wave 
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propagation is normal to this surface. In SAW devices, wave propagates on the surface of 
the piezoelectric plate substrate by use of a metallic interdigital transducer (IDT) structure. 
The most commonly used surface wave devices for sensing applications in liquid media is 
the shear-horizontal surface acoustic wave (SH-SAW) sensor, which is also known as the 
surface transverse wave (STW) sensor. The other common mode of operation for SAW 
devices is Rayleigh mode, which is mainly used in gas sensing applications.  
 
For the sensing applications, any change in the characteristics of acoustic wave devices 
path over which the acoustic wave propagates result in a change in output signal. If a 
foreign layer is deposited upon the BAW resonator, the relative frequency decrease is 
proportional to the relative mass load. In SAW devices, the propagation path between the 
two IDTs of a two-port SAW delay line is mostly used as the sensitive area. This area is 
usually coated with an analyte-sensitive layer which is sensitive to perturbations of target 
physical or chemical parameters. All the sensors can function in gaseous or vacuum 
environments, but only a subset of them can operate efficiently when they are in contact 
with liquids. The TSM, SH-APM, and SH-SAW all generate waves that propagate primarily 
in the shear horizontal motion. The shear horizontal wave does not radiate appreciable 
energy into liquids, allowing liquid operation without excessive damping [12]. Conversely, 
the Rayleigh wave SAW sensors have a substantial surface-normal displacement, which 
radiates compression waves into the liquid, causing excessive damping. An exception to 
this rule occurs for devices utilizing waves that propagate at a velocity lower than the 
sound velocity in the liquid such as plate waves. Regardless of the displacement 
components, such modes do not radiate coherently and thus remain relatively undamped 
by liquids. Other acoustic waves for sensing applications include the flexural plate wave 
(FPW – also called Lamb wave), Love wave and surface skimming bulk waves (SSBW). 
 
1.3.1.1 Bulk wave sensors - TSM and SH-APM 
 
Quartz crystal microbalance (QCM) is a thickness shear mode acoustic wave mass-
sensitive detector. A schematic of a QCM resonator is shown in Figure 1.1. The QCM 
consists of parallel circular metal electrodes adherent on both sides of AT-cut quartz thin 
disk. Applying an alternating voltage to the quartz crystal electrodes induces oscillation 
and results in a shear deformation which generates standing shear waves. These waves 
are maxima at the crystal surface making the device sensitive to a foreign mass and the 
QCM responds to any added mass. QCM has been used as a mass sensor in the vacuum 
and gas-phase experiments [15]. When the QCM sensor is used in an oscillator circuit, 
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any resonance frequency change corresponds to the mass accumulation on the QCM 
electrode.  
 
The QCM features simplicity of manufacturing, good temperature stability, good sensitivity 
to additional mass deposited on the crystal surface, and ability to withstand harsh 
environments [16].  The response of QCM is also extremely sensitive to mass and 
viscoelastic changes at the solid-solution interface and capable of detecting and 
measuring components in biosensing applications. Typically a QCM resonator operates 
between 5 to 30 MHz. Quartz plates with high fundamental frequencies have increased 
mass sensitivity; however, they are very thin and fragile therefore difficult to manufacture 
and handle, so most quartz plates in use have fundamental resonance frequencies of up 
to 30 MHz [17]. Recent work has been done to form high frequency QCM resonators 
utilizing piezoelectric films and bulk silicon micromachining techniques [17]. Although it is 
the oldest acoustic wave device, the QCM resonator is still used today for many 
applications such as measuring metal deposition rates. 
 
 
Figure 1.1 Schematic of a quartz crystal device: (a) Top view and (b) Side view. 
 
 
SH-APM is cut from single-crystalline quartz that serves as an acoustic waveguide, 
particularly suited for operation in liquids. The acoustic wave is confined between the 
upper and lower surfaces of the plate propagating between input and output transducers 
as shown in Figure 1.2. As a result, both surfaces undergo displacement, thus, detection 
can occur on both sides of the sensor. The IDTs are located on the one side of the thin 
quartz plate, while the other side can be used as the sensor and exposed to solution or 
coated with a gas-sensitive selective surface film. 
Contact 
Electrodes 
Quartz plate 
(a) (b) 
Contact 
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SH-APM resonators do not show displacement components normal to the surface but 
mainly display displacement parallel to the surface and the direction of wave propagation. 
This allows the sensor to come in contact with liquid for biosensor applications. These 
sensors have been successfully used to detect microgram per litre levels of mercury, 
which is adequate for Safe Drinking Water Act compliance testing [18].  
 
SH-APM sensors often operate at higher frequencies than QCMs and are thus more 
sensitive to mass changes. Sensitivity to mass loading and other perturbations depends 
on the thickness of the substrate, with sensitivity increasing as the device is thinned. The 
minimum thickness is constrained by manufacturing processes. However, the energy of 
the wave is not maximized at the surface, which reduces sensitivity [12]. 
 
 
Figure 1.2 The schematic of a SH-APM sensor: the waves travel within the top and 
bottom surfaces of the plate, allowing sensing on either side. 
 
 
Previous work on mercury sensing of BAW sensors 
 
All the acoustic wave sensors are sensitive, to varying degrees, to perturbations to many 
different physical and chemical parameters. The range of phenomena that are sensed by 
acoustic wave devices can be greatly expanded by coating the devices with materials that 
undergo changes in their mass, elasticity, or conductivity when exposed to the target 
λ 
Quartz plate 
Wave propagation direction 
Input transducer 
Cross-sectional displacement X 
Y 
Z 
Surface displacement 
Output transducer 
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physical or chemical stimulus. The devices become pressure, torque, shock, and force 
sensors when a stress is applied to them which change the dynamics of the propagating 
medium. They become mass, or gravimetric, sensors when particles are allowed to 
contact the propagation medium, changing the stress on the surface. If a coating is 
applied that absorbs specific biological chemicals in liquids, the sensor becomes a 
biosensor. As the temperature changes, the propagating medium changes, affecting the 
output. Hence, a temperature sensing device can be made. By selecting a coating that 
absorbs only specific chemical vapours, a vapour sensor can be established. Such a 
sensor works by effectively measuring the mass of the absorbed vapour. 
 
A QCM device with gold electrode is an ideal mercury detector [19]. When mercury 
amalgamates with gold, it changes the frequency of the device [20-24]. This interaction of 
gold and mercury has been extensively studied and investigated [25-32]. The rate and 
magnitude of the frequency change correspond to the mercury concentration. 
 
The first QCM resonator was reported as a mercury vapour sensor in 1970’s [33]. The 
crystal used for the mercury vapour sensing was 15 MHz with an electrode area of 
0.2 cm2. In this work, Bristow [33] demonstrated to measure nanogram quantities of 
adsorbed vapours by frequency shift of the quartz crystal as added mass is adsorbed onto 
its surfaces. Lower detection limits for the equipment was 5 ng/l for mercury vapour 
concentration in a continuous stream. Later Mogilevski et al. [34] demonstrated that gold – 
coated AT cut TSM  acoustic wave resonators could be used for sensing mercury. They 
demonstrated this by using a 14 MHz quartz crystal device and investigated that 
piezoelectric resonators can be used as sensors for the detection of small concentrations 
of mercury vapour in air with a threshold limit value of 10 µg/m3. 
 
To enable gold thin film based sensors to operate over a desirable period of time; the 
sensor must be able to regenerate from its amalgamated state. To achieve this, the 
sensor must operate or be exposed to mercury at elevated temperatures.  Past research 
has shown that temperatures in the range of 150-300 °C [20-24, 35] suffice to regenerate 
the gold thin film. However, the regeneration time decreases with higher temperatures or 
with thinner gold films [36]. 
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1.3.1.2 Surface wave sensors - SAW and SH-SAW 
 
Lord Rayleigh first discovered the surface acoustic mode of propagation and properties of 
these waves  in 1887 [37]. The stress-free boundary of a solid gives rise to these surface-
confined waves that propagate as coupled longitudinal and vertical shear waves. The 
frequencies of SAW sensors are usually between 50 MHz and a few GHz depending on 
the dimensions of the IDTs [15]. These waves can couple with a medium placed in contact 
with the device’s surface. Such coupling strongly affects the amplitude and velocity of the 
wave and the device can be used as a mass and mechanical perturbations sensor. The 
velocity of the wave is approximately five orders of magnitude slower than that the 
corresponding electromagnetic wave, making Rayleigh surface waves among the slowest 
to propagate in solids. The wave amplitude is typically about 10 Å and the wavelength 
ranges from 1 to 100 µm [38]. SAW sensors are two-port devices with two sets of IDT 
electrodes on the top side of a piezoelectric crystal as transmitter and receiver as shown 
in Figure 1.3.  
 
Figure 1.3 Schematic of the propagation of the Rayleigh waves. They move vertically 
normal to the surface plane of a SAW sensor.  
 
 
If the cut of the piezoelectric crystal material is rotated appropriately, the wave 
propagation mode changes from a vertical shear SAW sensor to a SH-SAW sensor. This 
dramatically reduces the losses when liquids come in contact with the propagating 
medium, allowing the SH-SAW sensor to operate in liquid media [12]. Figure 1.4 depicts 
the SH-SAW device, with the wave propagation mode highlighted. 
 
Z 
X 
Y 
Wave propagation along z-axis 
with displacement in y-z plane 
Input transducer 
Output transducer 
Piezoelectric substrate 
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Figure 1.4 Schematic of a SH-SAW device. These waves have a displacement that is 
parallel to the device’s surface. 
 
 
Previous work on mercury sensing using SAW devices 
 
SAW devices are mass or gravimetric sensors. In sensing applications, often the 
propagation path between the two ports is used as sensitive area as shown in Figure 1.5. 
This area is usually coated with an analyte sensitive film. Any mass added on the surface 
perturbs the wave propagation. The measured frequency shift is proportional to the mass 
of the deposited film and, via the film density and acoustic impedance, gives the film 
thickness [39]. In addition to mass, SAW devices have been shown to be sensitive to 
electrical properties of the sensing films [40, 41]. Changes in mass, conductivity, and 
elasticity can cause a corresponding change in the oscillation frequency of a SAW device.  
 
The application of the SAW delay line as a mercury sensor is achieved with the placement 
of a thin gold film in the delay path as shown in Figure 1.5. When exposed to mercury, 
mechanical perturbations in mass, surface electrical boundary conditions and bulk 
elasticity will cause the velocity of the propagating wave to change, producing a 
corresponding change in the frequency of operation [20-24]. The rate of change of the 
frequency can be correlated to the mercury concentration. 
 
Wave propagation along z-axis 
with displacement in x-z plane 
Z 
X 
Y 
Piezoelectric substrate 
Input transducer 
Output transducer 
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Figure 1.5 Schematic illustration of a single delay line SAW mercury sensor setup in an 
oscillator configuration. 
 
 
Sauberlich et al. [42] proposed and patented a design for a SAW based mercury sensor. 
Similar work was conducted by Schweyer et al. [24, 43] in the area of aqueous mercury 
detection led to the work carried out by Caron et al. [44] who showed the first 
experimental proof that a SAW delay line coated with a gold film could be utilized for the 
detection of gaseous mercury. Further work by Haskell et al. [45] demonstrated the effects 
of film thickness on the response of the SAW mercury sensor. 
 
SAW sensors are still overwhelmed with stability issues as shown by in various reports 
[44, 45]. However, due to their high operating frequency, SAW devices are capable of 
detecting mercury in the part per billion (ppb) concentration regions.   
 
1.3.1.3 Cantilever sensors  
 
Microcantilevers use the atomic force microscopy (AFM) principle. In contact mode AFM, 
changes in a surface topography can be detected using a cantilever that deflects up and 
down while it is scanned laterally across the surface. Cantilever bends due to mechanical 
forces, which is caused by selective molecular absorption on either the top or bottom of it. 
Chemical detection based on microcantilever bending has been well documented [46-48].  
 
The bending of microcantilever generally uses optical detection to monitor cantilever 
deflection. Optical detection entails aligning a laser onto the microcantilever, which 
Input transducer 
Output transducer 
Gold sensing layer 
in the delay path 
RF amplifier 
To frequency counter 
Piezoelectric substrate 
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reflects the beam into a photosensitive detector [49, 50]. The most common cantilever 
types include piezoelectric and piezoresistive. 
 
Similar to tapping mode AFM, a cantilever is vibrated at its resonance frequency. This is 
carried out using the integrated piezoelectric film actuators. The amplitude of the ac 
voltage generated by the cantilever’s integrated piezoelectric film is proportional to the 
oscillatory amplitude of the cantilever. When the cantilever is intermittently contacting the 
surface, this oscillatory amplitude will increase if the cantilever bends away from the 
surface and it will decrease if the cantilever bends towards the surface. This change in 
amplitude can be monitored directly from the circuit, or it can be compared to a set point 
amplitude and maintained at a specified value by a feedback loop and an external 
piezotube. Figure 1.6 shows how exposing the cantilever to mercury causes it to bend up, 
away from the glass surface on which it taps. The feedback loop responds by moving the 
surface vertically using a piezotube until the specified cantilever amplitude is restored. 
This piezotube response is monitored with data acquisition hardware and software. 
 
 
Figure 1.6 Schematic of a cantilever sensor. 
 
 
Previous work on mercury sensing of cantilevers 
 
Cantilevers has been used for detecting mercury vapour [47, 51]. Depositing gold layers 
on the top of the piezoelectric microcantilever make it immediately applicable for mercury 
sensing. Thundat et al. and Hu et al. have demonstrated mercury vapour adsorption on 
Piezotube 
Glass surface 
Piezoelectric 
actuator and 
sensor 
Mercury vapour 
Gas outlet 
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gold-coated cantilevers [46, 47]. In their work, exposure of mercury vapours to cantilever 
resulted in a mass loading response (stress induced by the mercury’s adsorption onto the 
gold causes bending of the gold bimorph beam as shown in Figure 1.6) and the resonant 
frequency of the oscillating microcantilever decreased. The rate of change of the 
oscillation frequency was a function of the mercury concentration [46, 47]. This method 
was utilized to detect low mercury concentrations. 
 
1.3.2 Comparison of acoustic wave sensors 
 
A comparison between TSM, SH-APM, SAW and SH-SAW sensors and some important 
specifications are shown in Table 1.2.  
 
Table 1.2 Comparison of acoustic wave sensors [39] 
Sensor 
Type 
Sensitivity 
(Hz/MHz)/ 
(ng/cm2) 
Factor 
determining 
sensitivity 
Motion at 
device 
surface 
Immersible 
in liquid 
Operating 
frequency 
Mechanical 
strength 
TSM Low (0.014) 
Plate 
thickness Transverse Yes 
Low (5-20 
MHz) Med 
SH-APM Low-Med (0.019) 
Plate 
thickness, 
IDT finger 
spacing 
Transverse Yes 
Med-High 
(25-
200MHz) 
Med 
SAW High (0.20) IDT finger 
spacing 
Normal and 
transverse No 
High (30-
500 MHz) High 
SH-SAW Med-High (0.18) 
IDT finger 
spacing Transverse Yes 
High (30-
500 MHz) High 
 
 
1.3.3 Conductometric sensors  
 
A conductometric sensor is based on the resistivity variation of thin gold film upon 
exposure to mercury. Figure 1.7 shows a sensor consists of four identical thin metallic film 
resistors in the Wheatstone bridge configuration. In order to minimise the influence of 
temperature variation, two resistors work as sensitive elements while the others work as 
reference.  
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Previous work on mercury sensing of conductometric devices 
 
In sensing, the absorption of mercury on the gold film produces a change in the resistivity 
of the film. The resistance increases due to a partial mercury overlay on gold, which is 
produced by the change in the surface scattering of the electrons [35, 52, 53]. This 
change is proportional to the amount of mercury absorbed. After the calibration, the signal 
outgoing from the Wheatstone bridge can be directly related to the concentration of 
mercury in air. For high mercury concentrations in air, the resistance of the sensitive 
elements can approach the saturation, i.e. the variation of resistivity becomes 
asymptotically zero. In order to reuse a saturated mercury sensor, a regeneration step is 
required. To move the equilibrium versus the desorption process a direct heating of gold 
resistors over 100 °C is applied. 
 
Figure 1.7 The four-resistor structure in a Wheatstone bridge configuration. 
 
 
McNerney et al. [35] demonstrated the resistance of the thin gold film changes upon 
exposure to mercury due to formation of mercury-gold amalgam. The rate of change of 
the resistance is the indication of the concentration of mercury. McNerney’s work later led 
to commercial sensors produced by Jerome Instruments. Jerome Instruments [54] are 
based upon conductivity changes of a gold film upon amalgamation with mercury. 
 
 
 
Gold sensing resistor 
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1.3.4 Electrochemical, chromatographic and spectroscopic methods for 
mercury sensing  
 
Current chromatographic, electrochemical or spectroscopic methods that are used for 
detecting mercury require a variety of elaborate separation and preparation strategies  
[55-58]. Although these techniques are very sensitive (0.001 ppt to 5 ppb Hg), they are 
generally expensive, and inappropriate for portable, ambient monitoring. Typically 
samples must be collected and shipped to a centralized laboratory or processing facility 
for analysis. 
 
Cold vapor atomic fluorescence spectroscopy (CVAFS), is a subset of the analytical 
technique known as atomic fluorescence spectroscopy (AFS) [59]. Used in the 
measurement of trace amounts of volatile heavy metals such as mercury, cold vapor AFS 
makes use of the unique characteristic of mercury that allows vapor measurement at room 
temperature. Free mercury atoms in a carrier gas are excited by a collimated ultraviolet 
light source at 253.7 nm. The excited atoms re-radiate their absorbed energy 
(fluorescence) at this same wavelength. Unlike the directional excitation source, the 
fluorescence is omni directional and may thus be detected using a photomultiplier tube or 
UV photodiode. The technique differs from the more conventional atomic absorption (AA) 
technique in that it is more sensitive, more selective, and is linear over a wide range of 
concentrations. However, any molecular species present in the carrier gas will quench the 
fluorescence signal and for this reason, the technique is most commonly used with an 
inert carrier gas such as argon. 
 
A number of companies have commercialized mercury detection via CVAFS and 
produced transportable analyzers capable of measuring mercury in ambient air. These 
devices can measure levels in the low parts per quadrillion ranges.  
 
Atomic absorption spectroscopy (AAS) is a technique for determining low concentrations 
of a particular metal element in a sample. Atomic absorption spectroscopy can be utilized 
to analyze the concentration of over 60 different metals in a solution [60]. The technique 
makes use of absorption spectrometry to assess the concentration of a target analyte in a 
sample. In short, the electrons of the atoms in the atomizer can be promoted to higher 
orbitals for an instant by absorbing a set quantity of energy (i.e. light of a given 
wavelength). This amount of energy is specific to a particular electron transition in a 
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particular element, and in general, each wavelength corresponds to only one element. 
This gives the technique its elemental selectivity. 
 
Inductively coupled plasma mass spectrometry (ICP-MS) is a type of mass spectrometry 
that is highly sensitive and capable of the determination of a range of metals  such as 
mercury and several non-metals at concentrations below one part in 1012 [61]. It is based 
on coupling together an inductively coupled plasma as the equipment of producing ions 
(ionization) with a mass spectrometer as the means of separating and detecting the ions. 
ICP-MS is also capable of monitoring isotopic speciation for the ions of choice. 
 
1.4 Justification 
 
SAW and QCM sensors with gold thin films have been demonstrated to efficiently detect 
mercury [16, 19-21, 33, 34].  Due to their high operating frequency, SAW sensors are 
capable of detecting mercury in the part per billion (ppb) concentration regions.  However, 
SAW sensors are still at their infancy and are plagued with stability issues as shown by in 
various scientific reports [44, 45]. QCM’s are much cheaper, more reliable and rugged. 
However, they do not possess the same high sensitivity as SAW devices.  This limiting 
factor is due to their limited operating frequency (maximum of approximately 50 MHz).  
 
Optical techniques are available for the selective detection of mercury, as well as other 
heavy metals. Several well-known optical technologies, such as Cold-Vapour Atomic 
Absorption (CVAA), and Cold-Vapour Atomic Fluorescence (AF) require wet chemistry, 
preconcentration and/or the use of a non-quenching atmosphere [62].  These methods 
require complex and expensive laboratory instruments and are not capable of continuous 
mercury monitoring. 
 
Conductometric sensors, such as that commercialized by Jerome Instruments [54] are 
based upon conductivity changes of gold films upon amalgamation with mercury.  
McNerney [35] demonstrated the gold-mercury amalgamation which showed the 
possibility of such measurements.  These sensors are small, fast, and capable of in situ 
operation and are relatively inexpensive. Photolithography techniques are now being used 
to fabricate conductometric mercury sensors [36]. Current sensors and systems 
employing conductometric sensors have a reasonable sensitivity; however, have a very 
limited dynamic range. For this project, the concentration of mercury to be detected is in 
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the range of 1 to 10 mg/m3
 
which does not fall within the operational range of such 
commercial conductometric sensors. 
 
This research aims to investigate and implement mass sensitive QCM transducers in 
detecting mercury.  In particular the authors’ goal is to improve sensors’ sensitivity via 
gold film surface modification by nanostructuring of the film.  Each of the aforementioned 
methods makes use of the amalgam interaction between gold and mercury [24-32]. Due 
to the industrial requirements for this project, mass detection limits of less than 1 mg/m3
 
are not required. The sensor has to be low cost and tolerate harsh measurement 
environments.  Having these conditions, the most suitable candidate is QCM. However, 
the sensor should be capable of showing small changes of concentration in its operation 
range. The author modified the surface of QCMs with gold sputtered nanostructures of 
evaporated MoO3, gold sputtered nanoporous TiO2 by anodization, and nanostructured 
layers by using nanocarving as sensitive layers. All such methods were chosen as they 
are compatible with QCM standards. The rigid structure of QCM allows and facilitates 
such surface manipulations. 
 
1.5 Objectives, deliverables and conclusions 
 
The objective of this project is to develop mercury sensors according to industrial 
requirements set by BHP Billiton and ALCOA. They operate based on mercury-gold 
interaction and are used for concentrations in a range from 1 to 10 mg/m3 at temperatures 
of 20-80 ºC. Such mercury sensors should be able to continuously monitor mercury 
vapours in an alumina refinery and to operate in an environment with different interference 
of gases.  
 
There is no commercial mercury sensor available which can continuously monitor high 
mercury vapour concentrations with the aforementioned specifications in gaseous streams 
in the presence of a mixture of different interferant gases. The objective of this PhD 
project is to develop an elegant, robust and inexpensive online mercury sensor. The 
author aims to optimise a sensing system for operating in an industrial environment in the 
presence of potential interferences from different gases such as ammonia and humidity. 
 
The author developed a mercury sensor based on QCM transducers, to study the 
interaction between the mercury vapour and gold surface and develop highly sensitive 
gold nanostructured thin films for the detection of mercury.  For the development of 
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mercury vapour sensors, nanostructures are very promising due to their large surface to 
volume ratio. The immensely enhanced surface to volume ratio augments the role of 
surface states in the sensor response which increases the response magnitude and 
decreases the response time. Response magnitude and response time of surveillance 
systems are the two most important factors in the industrial equipments.  
 
These nanostructures/nanopores are integrated with the QCM sensors and then 
characterized, exposed to high concentrations of mercury and various interferant gases. 
Practical concerns such as durability, and selectivity are also investigated. The 
performances of different structures are studied and the long and short term stability of the 
sensors are observed. All these studies are carried out to ascertain an industry acceptable 
quality for the developed sensors.  
 
1.6 Author’s achievements 
 
It is the author’s opinion that due to the high performance of these novel structures, this 
work can reveal many aspects of the operation of the novel mercury sensors and will lead 
to the commercialisation of the device. The author developed the novel nanostructured 
sensing platforms for mercury in the presence of humidity and ammonia gas according to 
the industrial requirements. The author and the project team designed and implemented 
electronic circuits for the testing chamber. The author comprehensively characterized the 
mercury sensitive nanostructured thin films and tested the sensors according to the 
industry partner imposed conditions.  
 
Throughout the research program, the author had a chance to present his achievements 
and outcomes his work both to the Industrial partners: he was invited to Alcoa alumina 
refinery, Perth, Australia, and presented his research findings to research and 
development staff at BHP Billiton and ALCOA, Australia. 
 
The author presented his research finding at international conferences, Materials 
Research Society (MRS) proceedings on Nanoscale Materials, Properties, and 
Applications, San Francisco, CA, USA, 2007, Society of Photo-Optical Instrumentation 
Engineers (SPIE) Symposium on Smart Materials, Nano- & Micro-Smart Systems, 
Adelaide, Australia, 2006. The results and outcomes of this project were published and 
presented in the proceedings of these international conferences as well as fully refereed 
journals. These include: 
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D. Dhawan, S. Bhargava, J. Tardio, W. Wlodarski, K. Kalantar-Zadeh, “Gold Coated 
Nanostructured Molybdenum Oxide Mercury Vapour Quartz Crystal Microbalance 
Sensor,“ Sensor Letters, vol. 6, no. 1, pp. 231-236, 2008. 
 
J. Yu,  S. J. Ippolito, M. Shafiei, D. Dhawan, W. Wlodarski, K. Kalantar-Zadeh, “Reverse 
biased Pt/nanostructured MoO3/SiC Schottky diode based hydrogen gas sensors,“ 
Applied Physics Letters, vol. 94, no. 1, 2009. 
 
D. Dhawan, Y. Sabri, S. Bhargava, D. Sood, K. Kalantar-Zadeh, “Development of nano-
structured titanium oxide thin films using a gas carving technique,” SPIE International 
Symposium on Smart Materials, Nano- & Micro-Smart Systems, Adelaide, Australia,     
10-13 December 2006. 
 
D. Dhawan, S. Bhargava, W. Wlodarski, K. Kalantar-Zadeh, “Anodization of Sputtered 
Titanium Films,” MRS Proceedings on Nanoscale Materials, Properties, and Applications, 
San Francisco, CA, USA, April 9-13, 2007. 
 
1.7 Thesis organization 
 
The thesis consists of 7 Chapters. Chapter 1 is an introduction to the basic definitions of 
acoustic wave sensors, type of mercury sensors and the motivation behind the novel 
developed devices. Chapter 2 will provide a review of the fundamental features of 
acoustic wave sensors and a basic for understanding the principles of quartz crystal 
microbalances. Theoretical aspects of QCMs will also be discussed. Chapter 3 will 
present the sensing system modules; discuss the chamber design, and the mercury 
vapour delivery system.  Thin film deposition methods for Ti and gold will be discussed 
and different techniques to obtain nanostructured and nanoporous (MoO3 and TiO2) thin 
films will be presented in chapter 4. Chapter 5 will discuss the nanofeatured thin film 
characterisation. Chapter 6 will present the response of the sensors to mercury vapour 
and different gas species and the results will be discussed. Chapter 7 will present the 
conclusions along with suggestions for possible future work. 
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2 
2 Introduction  
 
The theory of Bulk Acoustic Wave (BAW) propagation and generation of such waves will 
be presented in this chapter. The author presents the current work to develop a 
comprehensive body of knowledge regarding the physics of BAW propagation and 
generation. Having said so, the author illustrates a comprehensive overview of the theory 
of propagation of the bulk acoustic waves in solids. Additionally, the principal of acoustic 
wave propagation, generation and piezoelectricity are briefly presented. Such an 
introduction is required for the development of the acoustic wave propagation theory and 
their implementation for acoustic wave mercury sensors. In this section, the theoretical 
calculations of the mass sensitivity and quality factor of BAW sensors are also presented.  
 
2.1 Acoustic waves 
 
This section presents the properties of elastic waves, and their excitation using electrical 
signals. Figure 2.1 shows the cross-sectional views of motions of groups of atoms in 
longitudinal and shear modes elastic waves and the wave velocity with which they travel. 
The bulk waves exist in a hypothetical medium which has no boundaries.  
 
26 
 
Figure 2.1 Schematics of bulk elastic waves in solids. Typical wave velocities, Vp, are 
shown below each figure: (a) Bulk longitudinal (compressional) wave in unbounded solid 
and (b) Bulk transverse (shear) wave in unbounded solid. 
 
Introducing a single plane boundary, which forms a semi-infinite solid, allows surface 
elastic waves to propagate along that single boundary. Adding a second boundary parallel 
to the first forms a plate, and allows the propagation of plate waves. Both surface elastic 
and plate waves can be used for sensing applications. Their wave propagation properties 
depend upon the properties of solid and its boundaries [1]. 
 
Displacement, stress and strain 
 
A solid structure deforms and becomes internally stressed upon applying a force. There is 
a linear relationship between the components of stress and strain within the solid: atoms 
or molecules of which the solid is composed are displaced from their unstressed positions. 
When a solid is deformed, the displacement of each particle from its original position is 
represented by a displacement vector ( )tzyxu ,,, . In general, the displacement has 
components, which vary continuously from point to point in a solid, in x , y and z  
directions in time t. A plane wave generates displacements that vary harmonically in the 
direction of wave propagation; if this is the x  direction, it will be represented as 
equation [1]: 
( ) ( ) ( )kxtjezuyuxutzyxu −++= ω321,,,  (2.1) 
in which 1u , 2u , and 3u  represent particle displacements in the x , y , and z  directions, 
respectively; x , y , and z  are unit vectors in their respective directions; ω is the angular 
Vp = 4000 - 12,000 m/s 
Vp = 2000 - 6000 m/s 
(a) 
(b) 
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frequency of the wave ( fpiω 2= , where f is frequency);  1−=j  and k  is the wave 
number ( λpi2=k , where λ  is the wavelength). As the name implies, the contours of 
constant displacement for a plane wave are planes perpendicular to the propagation 
direction. Figure 2.2 depicts a solid crystalline lattice perturbed by compressional and 
shear plane waves moving in the positive z direction [1]. 
 
 
Figure 2.2  Schematics of plane waves propagating in a solid, (a) compressional and (b) 
shear waves.  
 
 
Local deformations of the solid which is a function of the displacement gradient, u∇  is 
defined in equation (2.2). The gradient of a vector field u∇  is a second-rank tensor, 
specified by a 3 × 3 matrix. The elements of this displacement gradient matrix in equation 
(2.2) are given by ( ) jiij xuu ∂∂=∇  (also shown by jiu ,  ) in which i  denotes the thi  
displacement element and j denotes a derivative with respect to the thj  spatial 
coordinate as [1]: 
(a) 
Rarefaction Compression X
Z
Y 
X
Z
Y 
(b) 
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The displacement gradient represents changes in interparticle distances as well as local 
rotations caused by the displacement. Just as the effect of a simple translation is 
eliminated by taking the gradient of the displacement vector, the contributions due to 
rotations can be eliminated as well, resulting in a parameter that describes only the local 
stretching of the solid. This is accomplished by adding the displacement gradient to its 
transpose, the result being the strain matrix S, with elements given by [1]: 
( )ijjiij xuxuS ∂∂+∂∂= 2
1
 (2.3) 
Strain is the change in length per (unstrained) unit length in the solid as a result of an 
applied stress and can be calculated for any direction in the solid from the strain tensor. 
For an infinitesimal element having direction cosines ( )321 ,, lll , the strain is given by 
jiij llS . Thus, the element 11S  represents strain in the x  direction, while 22S  and 33S  
represent strains in the y  and z  directions, respectively. Thus, the diagonal strain terms 
ijS  represent axial of compressional strains, while the off-diagonal elements ( ijS  with 
ji ≠  ) are shear strains. The shear strains physically represent the angular change (in 
radians) between elements initially in the thi  and thj  directions [2]. 
 
2.2 Acoustic wave sensors 
 
When employed for sensing, perturbations in the acoustic waves’ fields are measured. As 
the acoustic wave propagates through the bulk or on the surface of the material, any 
changes to the characteristics of the propagation path affect the velocity, phase and 
amplitude of the waves. These changes can be monitored by measuring the frequency, 
amplitude and/or phase characteristics. Consequently, they can be correlated to the 
corresponding physical or chemical quantity being measured. 
 
Acoustic sensors may be configured as one- or two-port devices [3]. For activation of a 
one-port device, a feedback loop that uses the device as an element of an oscillator can 
be applied. An external perturbation can cause velocity change which in turn produces a 
frequency shift.  
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Figure 2.3  shows the response curve of a typical acoustic wave gas sensor. Some of the 
more important parameters characterizing the sensor can be appreciated from this figure. 
It is desirable to operate within the linear-rear range for simplicity although a nonlinear 
response could be handled by adding a lookup calibration table [3]. The resolution of the 
sensor, the smallest signal that can be measured, is specified by the minimum detectable 
mass (MDM); it is often determined by the electrical noise in the measuring system. As 
can be seem sensitivity Sm is proportional to the slope of Figure 2.3. Finally, parameters 
such as reversibility and cyclability are important practical considerations. 
 
 
Figure 2.3 Typical dynamic response of a gas sensor. 
 
2.3 Quartz crystal microbalance  
 
Quartz is a crystalline form of silicon dioxide, SiO2. It is a hard, brittle and transparent 
material with a density of 2649 kgm-3 and a melting point of 1750 °C. Quartz is insoluble in 
ordinary acids, but soluble in hydrofluoric acid and in hot alkalis. When quartz is heated to 
573 °C, its crystalline form changes. The stable form above this transition is known as 
high-quartz or beta-quartz, the stable form below 573 °C is known as low-quartz or alpha-
quartz [4]. For resonator applications, only alpha-quartz is of concern. 
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Quartz resonators have been used in electronic devices since 1930s. Quartz 
microbalance became a widely used sensor for the detection of mass loading of molecular 
species in gaseous and aqueous media [3]. The importance of quartz crystal resonators in 
electronics results from their extremely high Q, relatively small size, and excellent 
temperature stability.  A quartz crystal resonator utilizes the piezoelectric properties of 
quartz. If a stress is applied to a crystal in a certain direction, electric charges appear in a 
perpendicular direction. Conversely, if an electric field is applied, it will cause mechanical 
deflection of the crystal. 
 
The first of the acoustic sensors was the so-called quartz crystal microbalance (QCM) 
shown in Figure 2.4. The QCM, as it has been known by chemists, employed a slightly 
modified quartz crystal made initially to stabilize the frequencies of radio transmitters. 
QCMs are conveniently small, relatively inexpensive, quite sensitive, and inherently 
capable of measuring a wide variety of different input quantities. The modification that 
permitted it to be used for chemical sensing was the addition of a sorptive film on the 
crystal. This device was comprehensively analysed and improved by a researchers 
starting in the 1950s [5, 6].  
 
 
Figure 2.4  Schematic of a QCM: (a) Top view, (b) Side view. 
 
 
The quartz crystal resonator sense a change in the characteristics of the path over which 
the acoustic wave travel. As mentioned before, to detect such changes, the QCM sensor 
is a part of an electronic oscillator circuit, a change in the characteristics of the acoustic 
path cause a change in the frequency of the oscillator. In a typical vapour-sensing 
Resonator thickness 
Contact Electrodes 
Quartz plate 
Bonding area 
Mounting clip 
Base 
(a) (b) 
Quartz plate 
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application, the sorption of vapour molecules in a selective coating applied to one surface 
of the crystal increases the crystal's mass and lowers its resonant frequency and that of 
the circuit in which it is installed. 
 
The most commercially utilized acoustic sensor is the QCM. This device is often used in 
vacuum deposition systems where it measures the thickness of deposited coatings [5]. 
The commercial sensor includes a vacuum-tight water cooling system and a 
microprocessor-based controller that can be set for measuring and indicating the 
deposition rate and total thickness of films having different densities and sound speeds.  
The more generic name of this device refers as thickness-shear-mode (TSM) sensor, 
since that name emphasizes the mode of propagation instead of the material from which 
the device is made [2]. 
 
2.3.1 Quartz crystal microbalance: operation and mass sensitivity 
 
The TSM transducer can be simply made of a shear wave cut piezoelectric thickness 
resonator. This resonator has free surfaces. The resonant frequency of this transducer 
can be determined from the condition that the total phase change for reflection across the 
bare substrate is 2pi. It corresponds to constructive interference between incident and 
reflected waves. By superposition of these incident and reflected waves displacement ux 
can be calculated as [2]: 
( ) ( ) tjjkyjkyx eBeAetyu ω−+=,  (2.4) 
where A and B are constants, ω is the angular excitation frequency, t is time, k is the 
wavenumber, x is the coordinate in the plane of the resonator and y is along the thickness 
direction. Constructive interference corresponds to the condition [2]: 
nkhq pi22 =  (2.5) 
resulting in: 


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


=
2
λ
nhq  (2.6) 
and therefore: 
q
s
n h
nvf
2
=  (2.7) 
where n is an integer, λ is the wavelength, hq is the crystal thickness and fn is the 
resonance frequency. Equation (2.6) indicates that resonance occurs when the crystal 
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thickness hq is a multiplier of half the acoustic wavelength λ . The shear wave phase 
velocity 
sv  in the substrate is given by [2]: 
q
q
sv ρ
µ
=  (2.8) 
where µq and ρq are the shear modulus and density of the quartz, respectively. Hence, 
acoustic resonances occur for odd multiples of half the acoustic wavelength 
(n = 1, 3, 5, …). 
 
The resonant frequency permits us to calculate the wave number and the displacement 
profile in the crystal. At resonance, this will consist of standing waves, due to total 
reflection at the free surfaces. The crystal faces with no external restoring force, stress-
free boundaries, when the crystal is operated in air or vacuum. This implies that 
0=∂∂ yu x  at the upper and lower crystal faces. Applying 0=∂∂ yu x  to Equation (2.4) 
yields the shear displacement profile across the crystal [3]:  
( ) ( ) tjNxx eykutyu ωcos, 0=  (2.9) 
where 0xu  is the surface displacement amplitude and qN hnk pi= . Standing shear wave 
with maxima at the crystal surfaces is shown in equation (2.9). Since displacement varies 
only across the thickness of the crystal in the one dimensional model, equation (2.9) 
represents different thickness-shear modes with unique standing shear wave pattern 
across the crystal thickness. The displacement for two low-order modes are shown in 
Figure 2.5(a) and (c). n=1 is the fundamental mode and n=3 is the third harmonic 
resonances. In thickness-shear modes, the shear displacement varies across the 
thickness of the device. These modes do not involve any change in the thickness of the 
substrate. For a typical crystal thickness of 0.33 mm made of quartz, these modes are 
excited at approximately 5 and 15MHz, respectively. Since the displacement is a 
maximum at the surface, the resonator will be very sensitive to surface conditions 
(adsorbed atoms or thin layers) and this is the basis for its use as a sensor. Rigid mass 
bound to the QCM surface moves synchronously with the crystal plane, disturbing the 
TSM resonant frequency (Figure 2.5 (b)). The presence of displacement maxima at the 
crystal surfaces makes shear mode very sensitive to surface mass accumulation.  
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Figure 2.5 (a) Displacement profile in the fundamental mode for a QCM, (b) Change of 
the displacement profile by an adsorbed thin film, and (c) The third harmonic displacement 
profile for the QCM.  
 
 
The surface mass accumulation and resonant frequency change relation can be derived 
from a simple variational principle proposed by Rayleigh [7]. Resonance occurs at 
frequencies at which the peak kinetic energy Uk, energy per surface area, exactly 
balances the peak potential energy Up in a mechanical system. The surface has a 
maximum of displacement and kinetic energy. If a mass layer which is sufficiently thin 
and/or rigid is added to this surface, it can affect the displacement uniformly across this 
sensitive area. The Rayleigh hypothesis indicates that when mass accumulates on the 
surface, the resonant frequency must change to rebalance kinetic and potential       
energies [3, 7]. 
 
The peak kinetic energy density Uk (Equation 2.10) in the QCM occurs at the instant when 
particle velocities are maximum and displacements are zero [3]. By definition:  
∑
=
=
3
1
2
2
1
i
ik uU ρ  (2.10) 
where iu  represents particle displacements. Summing the kinetic energies from 
infinitesimal slices taken across the crystal thickness, beginning with the infinitesimally 
thin surface mass layer (electrode mass is neglected) [3]: 
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where sρ  is the areal mass density (mass/area) of the surface mass layer and qρ  is the 
volume mass density (mass/volume) of the quartz substrate and the added mass has the 
thickness of hs. Substituting equation (2.9) into (2.11) and integrating yields [3]: 

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
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22
22
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ρω  (2.12) 
The peak potential energy density Up, in the QCM resonator occurs when displacement is 
maximum in the crystal and velocity is zero. This is given by [3]: 
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The Rayleigh hypothesis by balancing peak kinetic and potential energy densities 
(Equations (2.12) and (2.13)) gives a relationship between resonant frequency ω and 
surface mass density sρ [3]: 
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ω 21
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 (2.14) 
where ( )( ) 210 qqshn ρµpiω =   is the unperturbed resonant frequency, that is obtained 
when 0=sρ  and qss h ρρ << , equation (2.14) is approximated by the linear relationship: 
qs
s
hf
f
ρ
ρ
−=
∆
0
 (2.15) 
indicating that the fractional shift in resonant frequency is equal to the fractional change in 
mass contributed by the mass layer. This linear approximation to equation (2.15) has 
been found to hold for mass fractions up to about 2% [8]. 
 
Combining equations (2.6), (2.7), (2.8) and (2.15) gives the Sauerbrey equation commonly 
used to relate changes in QCM resonant frequency to surface mass density sρ  [5]: 
qq
sff
µρ
ρ212
−=∆  (2.16) 
Sauerbrey equation can be used for the calculation of frequency shifts for surface 
accumulations that behave as ideal mass layers.  
 
A real film behaves as an ideal mass layer if it is sufficiently thin and rigid so that it moves 
synchronously with the oscillating device surface. On a QCM resonator, this condition is 
realized if the acoustic phase shift φ  across the film is small, i.e., piφ << , the phase     
shift is:  
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where ρ  and G are the film density and shear modulus, respectively. Under this 
condition, equations (2.15) and (2.16) can be utilized to predict the change in frequency 
contributed by the film, using hs ρρ = . 
 
A sensor can be used in shear or longitudinal modes depending on the quartz crystal cut. 
When mode is shear the resonator can be immersed in a liquid, the coupling of the 
transverse displacements takes place by the viscosity, which can be weak compared to 
coupling of absent normal or compressional vibrations. Some shear modes in quartz are 
very stable with respect to temperature variations, which is a very desirable property for a 
mass loading detecting device [3]. 
 
2.3.2 Electrical characteristics of QCM resonators 
 
In building a real sensor, changes in resonant frequency of the device are measured 
electrically. The electrical characteristics of the QCM can be described in terms of an 
equivalent circuit model that describes the impedance, ratio of applied voltage to current, 
or admittance, reciprocal of impedance, over a range of frequencies near resonance [2]. 
 
Equivalent-circuit models of the QCM resonator can be describe in two types [9]: the 
distributed model and the lumped-element model. The distributed model for the QCM 
resonator is shown in Figure 2.6a. Distributed model uses a transmission line to represent 
the propagation of acoustic energy across the device thickness. The acoustic variables, 
stress T and particle velocity ν, are coupled, via a transformer, to an electrical port. The 
model has two acoustic ports and one electrical port [9]. Terminating the acoustic ports in 
mechanical impedance Zs, representing the surface loading condition.  
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Figure 2.6 Equivalent-circuit models to describe the near-resonant electrical 
characteristics of the resonator: (a) distributed model and (b) lumped-element model. 
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In an unperturbed device, neglecting electrode mass, the surfaces may be considered to 
have stress-free boundaries: T1 = T2 = 0, so that Zs = 0. Thus, the unperturbed condition 
corresponds to short-circuiting the acoustic ports in the equivalent - circuit model             
of Figure 2.6a.  
 
Figure 2.6b shows the simpler lumped-element model which is reduced from 
Figure 2.6a [9]. This lumped-element model is also called the Butterworth-Van Dyke 
equivalent circuit [10]. Co is the static capacitance, originates between the electrodes 
located on opposite sides of the quartz. Cp is the parasitic capacitance C*o = Co + Cp since 
the quartz is also piezoelectric, electromechanical coupling gives rise to an additional 
motional contribution (L1, C1, R1), i.e., one that is associated with the motion of the 
resonating crystal in parallel with the static capacitance. The static capacitance dominates 
the electrical behaviour away from resonance, while the motional contribution dominates 
near resonance. This model simulates the QCM resonator electrical characteristics over a 
range of frequencies near resonance. The elements of the circuit are given by [11]: 
h
AC 220
ε
=  (2.18) 
 
( )2
0
2
1
8
pin
CKC =  (2.19) 
 
1
21
1
C
L
sω
=  (2.20) 
 
1
1 C
R
q
q
µ
η
=  (2.21) 
where A and h are electrode area and substrate thickness; ωs  = 2pifs, where fs, is the series 
resonant frequency for the unperturbed QCM resonator: K2, ε22, µq, ρq, and qη , are the 
square of the quartz electromechanical coupling coefficient, dielectric permittivity, shear 
stiffness, mass density, and effective viscosity, respectively.  
 
QCM resonator electrical characteristics are typically described in terms of electrical 
admittance, defined as the ratio of current flow to applied voltage (the reciprocal of 
impedance). The total QCM resonator admittance can be determined from inspection of 
the equivalent circuit model: 
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mZ
CjY 1*0 += ωω  (2.22) 
where the motional impedance for the unperturbed resonator is: 
1
11
1
CjLjRZm ωω ++=  (2.23) 
The series resonant frequency fs is defined as the frequency at which the motional 
reactance is zero, i.e.: 
01
1
1 =+ CjLj ss ω
ω  (2.24) 
Solving this equation for fs, gives: 
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=  (2.25) 
for the unperturbed device: 
when f > fs, equation (2.22) indicate that the motional branch has a net inductance. This 
resonates with the parallel capacitance C*o, causing a parallel resonance. The parallel 
resonant frequency fp is defined as the frequency at which the total reactance (motional 
plus static admittances) is zero [2]: 
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2.3.3 Electrical characteristics of QCM resonators under surface 
perturbation 
 
From the continuum model the electrical characteristics can be related to the properties of 
the perturbing added mass [12]. The continuum model can be solved to obtain an 
equivalent circuit that approximates the electrical characteristics of the QCM resonator for 
excitation frequencies near resonance [13]. 
 
The equivalent circuits in Figure 2.6 can be used for explaining the electrical response of 
the perturbed device. When the resonator has a surface perturbation, the motional 
impedance increases, as represented by the equivalent-circuit model of Figure 2.7 [9]. 
This model contains the elements C*o, L1, C1, and R1 corresponding to the unperturbed 
resonator. In addition, the surface perturbation causes an increase in the motional 
impedance Zm as presented by the complex electrical element Ze in Figure 2.7a.  
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Figure 2.7 Lumped-element equivalent-circuit models for the perturbed (a) resonator: with 
complex impedance element Ze, and (b) with motional inductance L2 and resistance R2.  
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where Zq = (ρqµq)1/2 is the quartz shear-wave characteristic impedance and Zs, is the shear 
mechanical impedance at the device surface which is defined as [14]: 
0=
=
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 (2.28) 
where Txy is the sinusoidal steady-state shear stress imposed on the contacting medium 
by the resonator, and vx is the resulting x-directed surface shear particle velocity. Zx, is a 
complex quantity: the real part, Re(Zs), corresponds to the component of surface stress in 
phase with the surface particle velocity and represents mechanical power dissipation at 
the surface; the imaginary part, Im(Zs), corresponds to the stress component 90° out-of-
phase with particle velocity and represents mechanical energy storage at the surface [14]. 
 
Assuming Ze = R2 + jωL2 allows the complex element Ze to be represented by a real 
motional resistance R2 and inductance L2, as indicated in Figure 2.7b. The motional 
C1 
L1 
R1 
Ze 
CO* 
C1 
L1 
R1 
CO* 
L2 
R2 
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impedance elements L2 and R2 can be related to the components of the surface 
mechanical impedance as [15]: 
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The electrical characteristics of the TSM resonator with a generalized surface perturbation 
can be described by the equivalent-circuit model of Figure 2.7b [15] with L2 and R2 related 
to the mechanical impedance contributed by the surface perturbation through        
Equation (2.30).  
 
The electrical admittance of the loaded resonator is as given in Equation (2.22), but with 
the motional impedance given by: 
( ) ( )
1
2121
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CjLLjRRZm ωω ++++=  (2.31) 
Since the series resonant frequency is defined as the point where motional inductance 
and capacitance resonate, the motional inductance L2 causes a shift in series resonant 
frequency (relative to the unperturbed case) which is given by: 
( ) 1
2
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2
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fLf sss −≅+−=∆  (2.32) 
This frequency shift corresponds to the effect of the perturbance. 
 
2.3.4 An ideal added layer: electrical characteristics of QCM resonators  
 
An ideal mass layer is assumed to have an extremely small thickness. This criterion holds 
as long as the acoustic phase shift across the film Φ is small compared with pi. The 
equivalent-circuit model for the mass-loaded resonator can be determined from the 
surface mechanical impedance Zs contributed by a surface perturbation. The surface 
stress required to sinusoidally accelerate a mass Iayer is [15] 
xosxosxy jT νωρνρ ==  (2.33) 
where ρs is the area mass density (ρs = ρh, where ρ and h are film density and thickness) 
contributed by the mass layer, and νxo is the surface particle velocity. From this Equation 
and Equation (2.28), the surface mechanical impedance associated with the mass layer 
is [15]: 
41 
s
yx
xylayermass
s j
T
Z ωρ
ν
==
=0
_
 (2.34) 
Combining equations and gives the motional impedance elements arising from the ideal 
mass layer [15]: 
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Equations reflect the fact that moving surface mass leads to energy storage (L2) but no 
power dissipation (R2 = 0).  
 
The ideal mass layer causes a shift in the series resonant frequency that can be 
determined from Equation (2.32) [11]. 
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reproducing the Sauerbrey equation [5]. 
 
When a mass layer is added to one side of the QCM resonator, the electrical 
characteristics are changed, as described by the element L2. It is apparent that the major 
effect of the mass layer is to translate the admittance curves toward lower frequencies 
without affecting the admittance magnitude. The admittance of the TSM resonator under 
mass loading can be obtained from the unperturbed case by the addition of the 
inductance L2 to the motional arm of the equivalent circuit.  
 
2.3.5 Calculations of characteristics of the QCM resonators under 
investigation  
 
Based on calculations using the Sauerbrey equation which was described in previous 
section, the frequency shifts of a blank quartz crystal after the addition of 100 nm of MoO3 
layer and a 10 nm gold film was calculated and presented in Table 2.1. At this point, we 
assume that that the deposition of nanostructured MoO3 increases the added mass. 
However, the surface is nanostructured; and as a result, the mass increase effect is 
reduced by the voids.  For instance, in our calculations we assumed that a structure with 
equal mass-void morphology decreases the frequency shift produced by the MoO3 layer to 
half of when the layer is compact (Table 2.1).  
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Table 2.1 Frequency shifts calculated for a device with 100 nm MoO3 layer and 10 nm of 
added gold sensitive layer.  
 
Material Assumed thickness 
Density 
g/cm3 
Calculated 
frequency shift 
Rough blank Quartz - 2.648 - 
MoO3 (Compact) 100 nm 4.692 10622 Hz 
Nanostructured MoO3 
(50% porosity) 100 nm 4.692/2 5311 Hz 
Au 10 nm 19.30 4369 Hz 
 
Similar calculations are also presented in Table 2.2 for the anodized Ti as the sensitive 
layer.  
 
Table 2.2 Frequency shifts calculated for a device with 100 nm of anodized Ti layer and 
10 nm of added gold sensitive layer.  
 
Material Assumed thickness 
Density 
g/cm3 
Calculated 
frequency shift 
Ti (Compact) 100 nm 4.506 10201 Hz 
Anodized Ti 
(50% porosity) 100 nm 4.506/2 5100 Hz 
Au 10 nm 19.30 4369 Hz 
 
 
2.4 QCM quality factor 
 
One of the principal characteristics of a quartz resonator as compared to LC circuits or 
other types of mechanical resonator is that the Q factor is extremely high. For 
commercially available units, typical values range from 20,000 to several hundred 
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thousand, while specially designed units can have Q values of several millions [4]. These 
compare with Qs of less than 1000 for the best wound inductors. 
 
The motional capacitance C1 (Figure 2.7), for typical AT-cut fundamental mode resonators 
is typically in the range 10 to 30 fF (1 fF = 10-15). For overtone resonators, C1, reduces in 
inverse proportion to the square of the overtone order, so that for a third overtone typical 
values range from 1 to 3 fF. As indicated above, the static capacitance C0 is essentially 
determined by the electrode size and separation and is thus independent of the overtone 
order. Typical values for AT-cuts range from 1 to 7 pF. More important parameter in 
practice is the ratio of C0 to C1, because this ratio effectively determines the sensitivity of 
the crystal frequency to changes in external circuit parameters [4]. 
 
The capacitance ratio is closely connected with the electromechanical coupling factor for 
the particular crystal cut. For fundamental mode of AT QCM operating at 10 MHz, the ratio 
is approximately 200, whereas for overtones it increases roughly in proportion to the 
square of the overtone order. For low frequency fundamentals where the crystal blank is 
partially or fully contoured, C0/C1 again increases because the contour limits C1, but not C0. 
The mass sensitivity is thus greatest for the higher frequency fundamental mode units. 
 
Quality factor of the system  
 
In the previous section we have shown that the piezoelectric resonator is electrically 
equivalent to the network as shown in Figure 2.7. The advantage of the quartz crystal unit 
over a conventional circuit lies in the values which conventional components would have 
to provide in order to simulate the behavior of the crystal unit. The properties which give 
the quartz crystal unit its unique ability to control a frequency are its high Q, or quality, 
factor and its low κ, or electromechanical, coupling. 
 
The Q of any resonant system is given by [10]: 
cycleperdissipatedEnergy
cycleperstoredEnergyQ pi2=  (2.37) 
The Q of a series-resonant electrical circuit is given by Q  = ωL/R = 1/ωRC and may have a 
value of a few hundred. The Q of a well-made tuning equipment may be a few thousands, 
but the Q of a quartz crystal unit is usually not less than 105 and may be as high as 107. 
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The value of κ, the electromechanical coupling coefficient, is given by: 
lyelectricalstoredEnergy
yelasticallstoredEnergy
=κ  (2.38) 
The value of κ2 for an AT-cut crystal is less than 1 percent. The high Q of quartz, even this 
small effect is sufficient to excite and maintain vibrations in the quartz crystal, which 
makes it an effective transducer for controlling a frequency. 
 
Quartz crystal is commercially grown at elevated temperatures in short periods of 
time [16]. It is unavoidable that the number of interstitial atoms and lattice dislocations 
increases as the growing temperature is increased. Consequently, the quality of quartz is 
somewhat dependent upon the conditions under which it is grown. The differences of 
growth conditions are reflected in the quality factor Q of the resonators made from the 
quartz [16]. The presence of certain imperfections which produce absorption bands in the 
infrared absorption spectrum of the crystal have been correlated with the degradation of 
the Q of the resonator. Consequently infrared measurements are sometimes used to 
select quartz of superior quality for use in the most critical applications. 
 
The maximum power transfer occurs when the mechanical reactance vanishes and the 
impedance Zm, takes its minimum value Rm, which occurs at W=W0.  This is called the 
resonance frequency of the system. The power as a function of frequency is shown in 
Figure 2.8. An important parameter of the power curve P0(W) is the relative width of the 
curve around the resonance. This width is described by the Q. There are various ways to 
define and describe the Q of the system. 
 
The Q can be defined as the resonance frequency divided by the bandwidth 
BW = frequency difference between the upper and lower frequencies for which the power 
has dropped to half of its maximum value: 
BW
WQ o=  (2.39) 
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Figure 2.8 Q factor of a typical QCM. 
 
2.5 QCM frequency stability  
 
Table 2.3 lists the values of the key physical parameters for the AT-cut resonator and 
corresponding normalized curves shown in Figure 2.9. The feature of AT- cut is the 
vanishing of their first order temperature coefficients at room temperature and the higher 
order coefficients could be calculated from the corresponding coefficients of the 
fundamental material constants. The frequency-temperature characteristics of the AT- cut 
are known empirically with more precision than can be obtained by calculation [17, 18]. 
 
Table 2.3 Physical parameters for AT-cut resonators [18]. 
Φ angle 0° 
θ angle - 35.25° 
Density 2649 kg/m3 
Effective elastic constant 29 x 109 N/m2 
Effective piezoelectric constant 0.095 C/m2 
Effective dielectric constant 40.3 x I0-12 F/m 
Frequency constant 1660 kHz/mm 
Coupling factor 8.74 % 
 
Bechmann [19] has established that for AT- resonators, their frequency-temperature 
characteristics over a wide temperature range can be adequately described by a power 
series in the temperature including terms up to third order. Writing f  for the frequency at a 
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temperature T, and f0, for the frequency at a reference temperature T0, Bechmann's 
expression is: 
3
0
2
0000 )()()(/)( TTcTTbTTafff −+−+−=−  (2.40) 
Bechmann also found that within small angle ranges about the nominal angles for the AT, 
the coefficients a, b and c (Table 2.4) could be expressed as linear functions of the angle 
increment ∆θ from some predefined reference angles. For instance, a can be written: 
θ∆+= 10 aaa  (2.41) 
with similar expressions for b and c. 
 
In Equations (2.40) and (2.41) the relative magnitudes of the various terms are quite 
different for various angle cuts. For these cuts, generally the cubic term is the dominant 
one giving rise to typical 'S' shaped characteristics shown in Figure 2.9. As can be seen, 
the perfect AT cut characteristics is the suitable for applications involving wide 
temperature ranges. 
 
Table 2.4 gives Bechmann's [19] values of a0,  a1, b0, b1, c0,  c1, at T0 = 20 °C and a reference 
angle of -35.25° for the AT resonator. The values were derived at by the analysis of 
results from a wide range of resonators of different detailed design [19].  
 
Table 2.4 Bechmann's coefficients for the AT cut resonator [19]. 
Reference temperature  20 °C 
Reference angle coefficients - 35.25° 
a0 0 
a1 -5.15 x 10-6 /°C/°θ 
b0 0.39 x 10-9/(°C)2 
b1 -4.7 x 10-9 /(°C)2/°θ 
c0 109.5 x 10-12/(°C)3 
c1 -2.0 x 10-12 /(°C)3/°θ 
 
 
Figure 2.9 shows the typical characteristics for a range of angle increments ∆θ. As the 
angle increases, the slope of the curves at room temperature becomes increasingly 
negative, while at the same time the separation between the turning points and the 
accompanying frequency deviation increases. The large scope for trading frequency 
stability against operating temperature range is apparent from Figure 2.9, and has been 
the main factor in making the AT resonator to become the most commonly used crystal 
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unit in a wide range of applications and have a better temperature coefficient than most of 
other cuts [20]. 
 
 
Figure 2.9 Frequency-temperature angle characteristics of AT-type quartz crystal 
resonators [18]. 
 
2.6 Conclusions 
 
In this chapter theoretical aspects regarding acoustic waves propagations were presented 
and the fundamentals of acoustic wave sensors, in particular quartz crystal 
microbalances, were explained.  The equations describing the operation and mass 
sensitivity of QCMs were presented and it was shown that the electrical characteristics of 
QCM resonators can be affected under surface perturbation and used in sensing 
applications. Further discussions regarding QCM quality factors and frequency stability 
were also included. 
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3 
3 Measurement system set up 
3.1 Introduction 
 
In this chapter the system set up which was used for the mercury measurements will be 
presented. The author and the project team designed and implemented a reliable system 
which enabled testing of the sensors according to required industrial standards for 
continuous mercury sensing. 
 
3.2 The mercury/gas delivery system 
 
A delivery system for gaseous mercury measurement was designed and constructed 
based on the industrial requirements by the author and the team at the RMIT University, 
School of Applied Sciences according to the specifications required by the industrial 
partner.   
 
A schematic of the set up of the system is shown in Figure 3.1. This system is made of the 
following sections: 
1- Gas cylinders: up to 4 gas cylinders can be connected simultaneously to the system to 
deliver a mixture of these four gases into the chamber. 
2- Humidity generator (Figure 3.2): for simulating different humidity concentrations similar 
to the industrial environment a custom made humidity generator was integrated to the 
system. 
3- Mercury generator: a permeation tube (VICI AG International, Texas, USA) was used 
for the generation of mercury at different concentrations. 
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4- The test chamber: it can accommodate 4 QCM sensors simultaneously. The volume of 
this chamber is approximately 500 CC. It is made of Teflon. 
5- Mass flow controller (Figure 3.3): combines the vapours and gases at desired 
concentrations and flow rates (MKS Instruments, Inc.). 
 
 
Figure 3.1 Schematic of the mercury measurement system set up 
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Figure 3.2 The schematic diagram of the humidity generator 
 
 
 
 
Figure 3.3 Process control and data acquisition computers 
 
3.3 Electronic circuits 
 
Connected to the mercury/gas delivery system include the following items which are 
shown in Figure 3.4. 
1- Heater and temperature controllers: 4 light globe heaters, the circuitry and associate 
software. They were designed and implemented by author and the project team. 
Water at 30 °C Water at 25 °C 
Approximately 
100% relative 
humidity 
Heating tape to 
maintain the 
temperature 
 
Water 
 
Central computer 
GPIB bus 
Mass flow 
controller 
52 
2- The oscillator circuits (Figure 3.5): 4 oscillator circuits connected to the QCMs which 
oscillate at approximately 10 MHz. Oscillators were designed by the authors and the 
project team.  
3- Frequency counters: reads the frequency which is generated by the oscillators 
(Agilent 53131A and Maxtek RQCM 10 MHz) 
 
A complete overview of the mercury measurement system is shown in Figure 3.6. 
 
 
Figure 3.4 The mercury system set up at RMIT University 
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Figure 3.5 The 10 MHz oscillator circuit 
 
 
Figure 3.6 A complete overview of the mercury vapour measurement system and sensor 
set-up. 
 
For the measurements, the sensors were connected to digital oscillators which were 
housed on a printed circuit board thermally isolated from the chamber. The oscillator was 
connected to an Agilent 53131A and Maxtek 10 MHz RQCM frequency counter connected 
to a PC for data-logging via GPIB.  
 
Mercury vapour with different concentration (1.02, 1.87, 3.65, 5.70, and 10.55 mg/m3) was 
generated at heating the permeation tubes chamber at different temperatures using 
mercury permeation tubes with a carrier gas of pure N2. The concentration of mercury was 
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calibrated by trapping the mercury in a series of KMnO4 / H2SO4 (Sigma Aldrich, Victoria, 
Australia) impingers and subsequent analysis of the mercury using an Inductively Coupled 
Plasma - Mass Spectrometer (Agilent Technologies HP4500 series 300, Shield Torch 
ICP-MS). The total flow rate of mercury vapour and dry N2 was 200 sccm. The mercury 
vapour was directed to a teflon gas chamber with a volume of 500 CC.  
 
The data acquisition was performed using a frequency counter which was connected to a 
computer.  Figure 3.7 shows inside of the testing chamber. Four incandescent lamps of 
10 W were used as the heating elements to elevate the chamber temperature from room 
temperature to 130 °C. The variation in temperature was achieved by changing the power 
applied to the lamps. Two temperature sensors were mounted in the middle and in the 
centre of the chamber to monitor the chamber’s internal temperature. 
 
 
 
Figure 3.7 Inside the testing chamber with installed sensors and lamp heating elements 
 
 
The heater was employed to increase gold film temperature to desorb mercury. The 
temperature was maintained for set of pulses and mercury was exposed to the sensor. 
 
3.4 Conclusions 
 
The set up for the mercury measurement system was presented in this chapter. The 
system allows different mercury concentrations in a range of 1 to 15 mg/m3 to be delivered 
in the chamber. In addition, a humidity generator was also integrated with the system to 
simulate the industrial environment that the sensors should be tested in. The sensors 
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were tested using this system in the presence of different humidity and ammonia 
concentrations for which the result will be presented in chapter 6. 
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4 
4 Nanostructured and nanoporous thin film 
development 
4.1 Introduction 
 
The theoretical and practical aspects of using a piezoelectric crystal as a vapour detector 
have been described in previous chapters. In this chapter, the methods that the author 
used for the deposition of thin films on the QCM (and also glass samples) will be 
described. These thin films were either used as electrodes or mercury sensitive films.  
 
Micro/nano deposition methods of these thin films will be presented in this chapter. 
Section 4.1 will discuss advantages of nanostructured thin films for sensing applications. 
The principles of thin film deposition will be discussed in section 4.2. Section 4.3 will 
discuss physical vapour deposition. The process of thin film deposition using thermal 
evaporation, electron beam evaporation and sputtering will be presented in this section. 
Section 4.4 will discuss the formation of nanopores on QCM using anodization and finally 
section 4.5 will discuss the formation of the nanorods using nanocarving. 
 
4.2 Thin films and the advantages of nanostructured thin films 
for sensing applications 
 
Thin films are thin material layers ranging from fractions of a nanometre to several 
micrometres in thickness. Deposition of thin films plays an important part of the fabrication 
of the sensors and associated sensing platforms in this project. The electrodes in QCMs 
are made of metallic layers and used for receiving and transmitting electrical signals. 
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Standard thin film deposition was utilised in the fabrication of these electrodes in this 
project. Sensitive layers depositions also include similar procedures as the deposition of 
electrodes. However, special deposition and etching techniques were used for 
nanostructuring of the sensitive layers. 
 
In this work, electron beam evaporation and sputtering were used in depositing thin 
layers.  Sputtered material leaves the sputter source with relatively high energies of 
several electron volts. As the sputtering pressure is increased more scattering occurs and 
the arrival energy of the sputtered material decreases. For evaporated films the arrival 
energies are low. If ions or plasma assist is added then the energy per arriving atom 
increases.  
 
As the sensing mechanism are largely micro/nano structure dominated, favourable 
surface features such as small grain size, large surface area, high aspect ratio, and 
open/connected porosity are required to realize a successful sensor material [1, 2]. 
 
By adding nano-structures on QCMs, it is possible to enhance its sensitivity. For the 
development of vapour sensors, nanostructures are very promising due to the large 
surface to volume ratio. The immensely enhanced surface to volume ratio augments the 
role of surface states in the sensor response which increases the response magnitude 
and decreases the response time. Response magnitude and response time of 
surveillance systems are the two most important factors in the industrial equipment.  
 
In order to incorporate these morphological features, different techniques based on 
thermal evaporation, anodization and nanocarving are used in this work. By modulating 
these techniques new morphological features were achieved in the form of potential 
sensor materials.  
 
4.3 Thin film deposition  
 
The act of applying a thin film to a substrate or onto previously deposited layers is known 
as thin-film deposition. Figure 4.1 shows a typical thin film growth that may include the 
following steps: (a) adsorption, (b) surface diffusion, (c) incorporation of growth species 
onto the surface structure (and surface interaction) and (d) desorption of the by-
products [3].  
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Figure 4.1 A typical thin film growth mechanism. 
 
 
The first few atomic layers of a thin film usually grow as islands of the depositing material 
centred on nucleation sites (Volmer - Weber growth). These islands grow until they touch 
(the percolation threshold); this percolation threshold typically occurs between 5 and 
15 nm. The thin film properties at thicknesses around or below the percolation threshold 
will be very different from the bulk properties. There are two controlling factors in the 
deposition of thin films, firstly the ratio of growth temperature to melting temperature 
(of the thin film material) and the amount of added energy. 
 
One dimensional nanostructures such as nanorods, nanoplates, nanobelts, and 
nanotubes are useful in the fabrication of liquid and gas sensors. These nano structures 
can be deposited with the help of following techniques [4]: (a) evaporation-condensation 
and vapour-liquid-solid (VLS) growth in the gas phase (b) dissolution-condensation and 
solution-liquid-solid (SLS) growth in liquid phase. Spontaneous growth on a surface can 
be realized through reduction of the Gibbs free energy associated with the surface. Phase 
transformation, stress change, and chemical reactions can all be used to control the Gibbs 
free energy [3]. 
 
Gibbs free energy can be changed locally through the introduction of surface anomalies 
such as impurities, kinks and ledges. Adding the anomalies can play an important role as 
the nucleation sites where the growth species are initially adsorbed [3]. Different facet of 
the substrate crystal, changing the local pressure and adding catalyst on the surface can 
also alter the Gibbs free energy of the deposition sites.  Different faces on a surface 
substrate produce different atomic densities and loose bonds. This results in isolated 
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surface energies, which in turn determines the growth rate and growth mechanism of the 
thin film at the facet sites [3].  
 
4.3.1 Evaporation-condensation growth  
 
The spontaneous growth of nanostructures is based on the decrease of Gibbs free energy 
by decreasing supersaturation (change of pressure on the surface) and surface clusters 
form [3]. Chemical reactions can also participate in the process but the condensation on 
the surface can be purely physical. Nanostructures which are grown using this process 
can be fairly single crystalline. Impurities and imperfections on the substrate may also 
produce special growth directions for the nanostructures [3]. Condensation on substrates 
of similar materials with different faces can also result in nanostructures with varied 
dimensions and crystals structures.  
 
The crystal growth rate is defined by the condensation rate, J (atoms/cm2sec). This rate 
depends on the vapour pressure P, the accommodation coefficient α, the supersaturation 
of growth species in vapour 00 /)( PPP −=σ  (with 0P  the equilibrium vapour pressure), 
the substrate temperature T in Kelvin, the atomic mass of the growth species m, and 
Boltzmann's constant k, which is defined as [4]: 
mkT
P
J
pi
ασ
2
0
=  (4.1) 
 
4.4 Physical vapour deposition  
 
Physical Vapour Deposition (PVD) encompasses a group of vacuum techniques used for 
deposition of thin films of different materials onto various substrates by physical means. 
The PVD methods involve purely physical processes such as high temperature vacuum 
evaporation or plasma sputter bombardment rather than involving a chemical reaction at 
the surface to be coated as in chemical vapour deposition [3]. Applying high energy cause 
the evaporation or sputtering of the source material in the forms of particles such as 
molecules and ions. The escaping particles are directed towards the surface of a 
substrate. This substrate surface draws energy from these particles as they arrive, 
allowing them to form nucleation sites or thin layers. The whole system is kept in a 
vacuum chamber, which allows the particles to travel as freely as possible, arriving on the 
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surface with a high energy promoting adhesion. The vacuum also encourages a thin film 
deposition free from the contaminants interferences.  
 
In this project PVD techniques including, thermal, electron beam evaporation and 
sputtering techniques were used for the deposition of sensitive layer and metalized 
electrodes. 
 
4.4.1 Evaporation 
 
Evaporation is the slow vaporization of a liquid or solid and the reverse of condensation. It 
is the process of phase transition by which molecules in a liquid or solid state 
spontaneously become gaseous. Evaporation is one of the most common methods of thin 
film deposition. Although it is one of the oldest physical techniques, it is still widely used in 
the laboratory and in industry. In this process, a vapour is generated by evaporating or 
subliming a source material, which is subsequently condensed as a solid film on a 
substrate [3].  
 
A broad range of materials, with different reactivity and vapor pressures, can be used in 
this technique. In addition, a large diversity of source components such as resistance-
heated filaments, electron beams, crucibles heated by conduction, radiation, RF-induction, 
arcs, exploding wires, and lasers can be employed.  
 
4.4.1.1 Thermal evaporation 
 
Generally, in thermal evaporation process shown in Figure 4.2, an electric resistance 
heater to evaporate the target material is used. The vapour pressure in the chamber is 
raised from the initially very low pressure to one that allows the material to be deposited 
on the substrate. This initial high vacuum is required; it allows the vapour to reach the 
substrate without reacting with or scattering by other atoms in the chamber. To avoid 
melting or subliming the target holder and heater, materials with a much higher vapour 
pressure than the heating element and sample holder can be deposited without 
contamination of a pure thin film.  
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Figure 4.2 A representation of a typical of thermal evaporation system. 
 
 
Typical metals used as heating element include tantalum (Ta), molybdenum (Mo) and 
tungsten (W). The evaporation temperature is typically in a range of 700-2000 ˚C [3]. This 
technique is straightforward and suitable for depositing metals and compounds that have 
low fusion temperatures such as Al, Ag, Au, and AgCl. 
 
Nanostructured thin films evaporation can also be synthesized by a solid-vapour 
process [5]. This technique is based on sublimating the source material in powder form at 
high temperatures, and subsequently depositing the vapour on a substrate at a desired 
temperature region to form nanostructures [6]. In this case, a powder source material is 
vaporized at elevating temperatures and is usually conducted in a horizontal tube furnace, 
as shown in Figure 4.3. Such systems are comprised of an alumina or fused quartz tube, 
a rotary pump system and a gas supply. In this PhD work, MoO3 nanostructured thin films 
were deposited using this method.  
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Figure 4.3 Schematic representation of the author’s experimental apparatus for the 
growth of MoO3 nanostructures. 
 
4.4.1.2 Thermally evaporated nanostructured MoO3  
 
The author describes several of the methodologies and discusses the results obtained in 
the thermal evaporation of molybdenum oxide (MoO3) which was used as the mercury 
sensitive layer template (for further details read the author’s published manuscript [7]). 
 
In this work, MoO3 nanostructures were used as a template for the gold sensitive film. 
These templates were used for increasing the surface to volume ratio of the QCM 
electrode. Furthermore, the characterisation and the mercury sensing properties of the 
thin gold coated nanostructured MoO3 were investigated which will be presented in 
chapter 5. 
 
MoO3 with different nanostructural morphologies such as nanowires, nanobelts and 
nanotubes have attracted attention over the past few years due to their unique physical 
and chemical properties and their wide range of applications [8, 9]. MoO3 films are widely 
used as intercalation materials [10], optical coatings [11], capacitors, gas sensors, [12] 
and catalysts. This material is attractive for its photochromic and thermochromic 
properties [13, 14]. MoO3 can be deposited and formed using several methods: thermal 
evaporation [6, 15], sputtering [16], anodization [17], spray pyrolysis [18], colloidal sol-gel 
methods [19], chemical vapor deposition [20, 21], and electrodeposition [22, 23]. MoO3 is 
also of special interest because of its multifaceted functional properties.   
 
Molybdenum has various crystalline oxide modifications, and can readily produce sub-
stoichiometric structures. The basic crystal phases are the orthorhombic α-MoO3 [24] and 
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the metastable monoclinic β-MoO3 [25]. These two phases have different mechanical and 
optical properties and have varying refractive indices and optical band gap energy 
values [26]. Orthorhombic MoO3 possesses a unique two-dimensional layered structure, 
consisting of distorted MoO6 octahedra with common edges and corners. The layers are 
characterized by sublayers from periodically arranged MoO6 [27, 28] as shown in Figure 
4.4, where the oxygen atoms participate inside the adjacent octahedra and among the 
sublayers. While the internal interaction between atoms within the bilayers is dominated 
by strong ionic and covalent bonding, the bilayers couple via weak van der Waals 
polarization forces [29].  Molybdenum trioxide (α-MoO3) has a lamellar structure [27, 30] 
and is insoluble in water [31]. This structure facilitates the injection of different donor ions 
into the free spaces, and thus favours electro-chromic properties. The β-phase has a 
cubic structure, consisting of three-dimensional rows from shared MoO6 octahedra [32]. In 
the temperatures range of 370-400 °C a spontaneous transformation of β→α phase can 
take place. 
 
 
Figure 4.4 Schematic representation of the network structure of lamellar MoO3. 
 
 
In this work, the author deposited nanostructured MoO3 on QCM using thermal 
evaporation.  Commercially available AT-cut QCMs operating at 10 MHz with evaporated 
gold electrodes of approximately 1 µm thick and 5 mm in diameter were used to prepare 
the MoO3 – gold modified sensors.  The experimental system that was used is shown in 
64 
Figure 4.3. The growth chamber was comprised of a horizontal quartz tube. MoO3 powder 
was placed on an alumina plate (approximately 0.5 mg), which was located in the heating 
zone in the furnace at 730 °C. The QCMs were placed in the growth zone with the 
temperature at approximately 300 °C. The temperature increased and decreased at the 
rate of 10 °C/min and was kept at 730 °C for 30 minutes. The carrier gas was a mixture of 
9.9% oxygen in nitrogen and had a constant flow rate of 650 ml/min. 
 
A gold thin film of 50 nm thickness was sputtered on the MoO3 nanostructures afterwards. 
The morphology of the molybdenum nanostructures before and after the sputtering of gold 
was studied using SEM, ESEM, TEM, AFM and XRD which will be presented in chapter 5. 
A network analyser was used to investigate the frequency shift and Q (quality factor) of 
the crystal upon each layer deposition. The sensor was consequently tested towards 
mercury vapour, humidity and ammonia at different temperatures. These studies will be 
presented in chapter 6. 
 
4.4.2 Electron beam evaporation 
 
In this work, electron beam evaporation was mainly used for the fabrication of QCM 
electrodes which were made of titanium/gold layers. In an electron beam evaporator, a 
target as an anode is bombarded with an electron beam released by a charged tungsten 
filament under high vacuum (less than 10-4 Torr) [3]. The high-energy beam evaporates a 
small spot of the source material. A voltage of in the range of 1 to 100 kV is normally 
applied across a tungsten filament Figure 4.5, which heats it up to a point where the 
thermionic emission of electrons takes place. The charge produces a thermal vibrational 
energy that overcomes the electrostatic forces that keep electrons at the surface.  
 
As seen in Figure 4.5 the electron beam is generally placed at an angle of 270°, outside 
the deposition zone. The electron beam is then focused, bent and directed towards the 
crucible, which contains the target material, by magnets. This eliminates virtually all ions 
generated from the filament, and prevents them from contaminating the sample [3]. This is 
one of the main advantages of electron beam evaporators over conventional thermal 
evaporators. Typical deposition rates for electron beam evaporation range from 
1 to 10 nm/s, depending on the material and instrument settings.  
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Figure 4.5 The schematic of an electron beam evaporation system. 
 
 
The electrons colliding with the target material's surface cause it to heat up, as these 
electrons transfer their kinetic energy of motion. Energy is transferred by many of the 
electron; therefore, the overall energy released is quite high - often more than several 
million W/cm2. For this reason, the crucible must be cooled to prevent it from melting [33]. 
The electron beam causes atoms from the target to transform into the gaseous phase. 
These atoms then precipitate into solid form, coating everything in the vacuum chamber 
with a thin layer of the anode material. As a result, this thin film deposition method is 
widely used for the deposition of metal electrodes and metal oxide thin films in the micro 
fabrication industry. 
 
In this work the QCM’s titanium/gold electrodes were deposited using a BalzerTM electron 
beam evaporator. Gold film can not adhere to quartz crystal. An extra layer metallization 
was employed to create the high adhesion of the gold layer onto the surface of these 
substrates. Titanium of 20 nm was the author’s metal of choice to establish such an 
adhesion as it makes strong bonds to quartz and as well as gold. A gold layer of 200 nm 
was deposited as the top layer to form the main electrode of the QCM. The electron beam 
evaporator was set to a beam voltage of 6 keV, the pre-vacuum pressure was set at 
approximately 2.1x10-7 Torr and the beam current was set to 100 mA. The rate of 
Anode 
Shield 
Heated filament 
Molten 
Solid 
Evaporant 
Water-cooled hearth 
Substrate 
Deposited film 
Deflecting magnet 
Focusing magnet 
Electron beam 
66 
evaporation of titanium and gold were 0.1 nm/s, 0.2 nm/s, respectively. Thin films were 
characterized using SEM and XRD techniques which will be presented in chapter 5. 
 
4.4.3 Sputtering  
 
In this work, sputtering was used for the deposition of thick titanium layers (up to 1 µm) 
and thin films of gold layers (less than 50 nm). The titanium layers were used in the 
anodization and nano carving processes to form the nanoporous and nanostructured 
sensitive films. The gold layers were used as the sensitive films for mercury. 
 
In the sputtering method, atoms are ejected from a solid target material due to 
bombardment by energetic ions (approximately 100 eV or more) [3]. This bombardment 
creates a cascade of collisions in the target material's surface. These collisions knock 
material from a target, a few atoms into the gas phase, at a time. These atoms are then 
directed towards the target substrate to form a thin film. The number of atoms ejected 
from the surface per incident ion is called the sputter yield. The ions for the sputtering 
process are produced by plasma which is generated above the target material. The 
plasma can be created by RF (AC) frequency or DC discharge between two electrodes, 
the space between which is filled with the reacting gases. The atoms sputtered from the 
surface of the target enter the plasma where they are excited and emit photons.  
 
A conventional diode plasma (or DC sputterer) is simply a diode, which consists of an 
anode and a cathode inside a vacuum system Figure 4.6. Applying the right voltage 
across the conductive electrodes and a suitable gas pressure, the gas breakdowns into 
plasma. Near the cathode a dark space with a very large electric field is formed (Figure 
4.7). Ions are accelerated rapidly across this dark region and strike the cathode [3]. These 
collisions cause knocking of the target material. Some electrons, known as secondary 
electrons, are also emitted from the surface and then accelerate back across the dark 
region, gaining significant energy. This energy is used, through collisions with gas atoms, 
to form more ions to sustain the plasma. 
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Figure 4.6 The schematic of a simple diode sputtering system. 
 
 
The sputtering gas can be inert, such as argon [3]. The deposited thin film's composition is 
the same as the target with different crystal structure. Reactive sputtering takes place 
when the deposited film is formed by chemical reaction between the target material and a 
gas, which is introduced into the vacuum chamber. However, the deposition rate can be 
very different. The deposition rate depends on parameters such as the softness of the 
target, the target to substrate distance, the power applied and the energy applied to the 
target. The applied energy can be in a range of several Watts to a few thousands of Watts 
depending on the area of the target and the deposition rate required. The deposition rate 
can be as small as several nanometres to several micrometers per hour.  
 
A variety of techniques are used to modify the plasma properties. In capacitive coupled 
(RF sputterer), two metal electrodes separated by a small distance, placed in a vacuum 
system [3]. The gas pressure in the vacuum system can be lower than atmosphere 
pressure. One of two electrodes is connected to the power supply, and the other one is 
grounded. The plasma formed in this configuration is called capacitively coupled plasma. 
It is more common to excite a capacitive discharge by applying an alternating-current (AC) 
or radio-frequency (RF) signal between an electrode and the conductive walls of a 
vacuum system. High-frequency plasmas are often excited at the standard 13.56 MHz 
frequency and the application of modulating voltage at the target releases atoms. 
Capacitive plasmas are usually very lightly ionized, resulting in low deposition rates. Much 
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denser plasmas can be created using inductive discharges, in which an inductive coil 
excited with a high-frequency signal induces an electric field within the discharge. RF 
sputtering can be employed to deposit highly insulating oxide or nitride films. However, it 
requires an impedance matching network which consists of inductors and capacitors [34]. 
 
 
Figure 4.7 Formation of the dark and plasma regions above the target's surface. 
 
 
Through sputtering not only is it possible to deposit films with nanosized features, but it is 
also possible to tailor these features. This can be achieved by adjusting various sputtering 
parameters such as: the sputtering power, sputtering gas, pressure, distance from the 
sample, and temperature. Furthermore, crystal structure and surface morphology of the 
films also depends on the substrates on which they are deposited.  
 
In this work, firstly titanium film of 500-1000 nm thickness were deposited on glass 
substrates (2 cm × 1 cm) and quartz samples using a RF magnetron sputterer and 
anodization technique performed and then titanium film sputtered on gold electrode of 
QCM substrate prepared during electron beam evaporation. Initially, the chamber of the 
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sputterer was evacuated (10-3 Pa) and then argon gas was introduced to increase the 
pressure to 1.33 Pa. Two different sputtering powers were used (60 and 120 W). Samples 
were heated at 100 °C for the 120 W depositions and 220 °C for the 60 W depositions. 
The distance between target and the sample was kept at 80 mm. The sputtered titanium 
was used as the template for the gold sensitive layer. 
 
Two types of gold films were used in this work. Gold films were prepared by electron 
beam evaporator as main electrode in a high-vacuum chamber (which was explained in 
the previous section) and DC sputtering was used at room temperature for the deposition 
of 50 nm of gold on the nanopores as a sensitive layer for the QCM’s. The chamber of the 
DC sputterer was evacuated (10-2 Pa) and then argon gas was introduced to increase the 
pressure to 1.33 Pa. 2-5 kV of sputtering voltage was used. The distance between the 
target and sample kept at 30 mm. The sputtered gold was used as the sensitive layer for 
mercury. 
 
Precision Etching Coating System (PECSTM) was also used for the deposition of gold thin 
layer, mercury sensitive, on top of nanofeatured QCM’s. The PECS™ is an ion beam 
based etching and sputter coating system producing smooth and continuous thin films. 
The PECS coating system slowly deposits gold layer with a built-in thickness monitor, 
facilitating controlled deposition of 1.2 Å of gold per second. Beam energy used during 
deposition was 10 keV. Film thickness of 10-30 nm was deposited on the QCM samples 
as the sensitive layer. 
 
4.5 Anodization 
 
In this work, the formation of nanopores into titanium films using an anodization based 
method has performed. Anodization presents a controllable procedure to obtain porous 
structures in titanium, which has potential for use in numerous micro and nanotechnology 
applications such as sensitive layers for gas sensing [35, 36], smart surfaces, as well as 
optical and electronic devices [37]. The main aim of this work was to investigate the effect 
of anodization voltage on the titanium thin films and controlling the pores dimensions. The 
anodized gold coated porous materials were used in the QCM as the mercury sensitive 
layer. 
 
Anodization is an electrolytic passivation process utilized to increase the porous thickness 
of the natural oxide layer on the surface of metals [38]. Different metals can be used for 
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anodization. The process is called anodizing because the part to be treated forms the 
anode electrode of an electrical circuit. The anodized titanium layer is formed by passing a 
direct current through an electrolytic solution, with the titanium metal as the anode. The 
current releases hydrogen at the cathode as the negative electrode and oxygen at the 
surface of the titanium anode, creating a build-up of titanium oxide. Alternating current and 
pulsed current are also possible. In this work, voltages from 2 to 20 V DC were used. The 
anodizing current varied with the area of titanium being anodized, and typically ranged 
from 2 to 6 mA/cm². 
 
In this work, anodization was conducted in a fluoride (F−) ions containing electrolyte. 
Anodization of Ti film occurs as a result of a competition between electrochemical oxide 
formation and chemical dissolution of oxide by fluoride ions as suggested by 
Mor et al. [39]. In the absence of −F  ion in the media, a thin barrier metal oxide is formed 
on the metal surface as [40, 41]: 
−+ ++→+ eHTiOOHTi 442 22  (4.2) 
The presence of an electric field in the reaction can enhance the ions ( −2O  and +4Ti ) 
transport through the oxide layer. The thickness of the barrier oxide film increases at the 
metal/electrolyte interface as the anodizing time increases, the current across the film 
gradually reduces. Thus, oxidation process reduces and this drops the oxidation current, 
transient current. In this process +4Ti ions, arriving at the oxide/electrolyte interface, are 
not made soluble by complexation, and a hydroxide layer ))(( yx OOHTi  precipitates on 
the surface [40]. This layer is typically loose and porous, and results in further diffusion-
retarding effects. 
 
In the presence of F− ions, contribute two effects [40]: they directly complex with the 
transported cations at the oxide electrolyte interface (thus preventing ))(( yx OOHTi  
precipitation): 
[ ] −−+ →+ 264 6 TiFFTi  (4.3) 
they also have the ability to react with the oxide to form water-soluble [ ] −26TiF complexes 
(thus dissolution and breakdown of barrier layer occurs along a random path through the 
barrier layer) [40]: 
[ ] −→+ 262 6 TiFFTiO  (4.4) 
This means that the etching will continue which cause the current increase at the initial 
stage. Eventually, the rate of titanium oxide growth Equation (4.2) assisted by electric field 
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equals the rate of dissolution Equations (4.3) and (4.4) by fluoride ions which results in the 
constant barrier layer thickness [40]. The current eventually decreases due to various 
effects such as decrease in the diffusion of fluoride containing species in and out of the 
tubes [42]. 
 
In this work, anodization of titanium films was conducted in two different electrolytes: one 
containing acid and fluoride ions, and the other neutral nonaqueous ethylene glycol and 
fluoride ions. The acid action is balanced with the oxidation rate to form a coating with 
pores, 10-150 nm in diameter [43, 44]. These pores allow the electrolyte solution and 
current to reach the titanium substrate and continue growing the pores length. Conditions 
such as electrolyte concentration, acidity, solution temperature, and current control the 
formation of a consistent oxide layer. The morphology and properties of porous titanium 
thin films form using anodization depend on the magnitude of voltage applied and the 
anodization media [45-47]. Anodizing titanium generates an array of different colors 
without dyes. The color formed is dependent on the thickness of the oxide, which is 
determined by the anodizing voltage; it is caused by the interference of light reflecting off 
the oxide surface with light traveling through it and reflecting off the underlying metal 
surface.  
 
In this work, the effects of applied voltage and time on the anodization process were 
investigated. Anodization was conducted at room temperature using a conventional two-
electrode system. Experiments were performed on the titanium thin film of thickness 
between 500-1000 nm on glass and then on the QCM substrates.  Titanium was sputtered 
on glass and quartz samples. A steel rod was attached to each sample with silver epoxy 
to form the connection. The rod and the connection area were covered with an insulating 
polymer to avoid the anodization of the steel rod. A platinum sheet was used as the 
second electrode with an area of 2.5 cm2 which was attached to the second rod. As 
previously mentioned, two different electrolytes were used for anodization: 
(1) 1 M ammonium sulphate ((NH4F)2SO4) containing 0.5 wt% of ammonium fluoride 
(NH4F) and (2) ethylene glycol containing 0.5 wt% of (NH4F). The distance between the 
working and platinum electrode was kept at 2 cm.  
 
After the process, anodized samples were washed immediately with deionised water and 
dried with nitrogen. Characterisation of these samples before and after anodization will be 
presented in chapter 5.   
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4.6 Nanocarving 
 
In this work, Ti thin film on QCM gold electrode were exposed to hydrogen at high 
temperatures to selectively etch the surface resulting in nanorods/nanostructured 
morphologies. Nanocarving process can be readily scaled up to yield large quantities of 
low-cost, high-surface area titanium oxide nanofiber arrays with potential for catalytic, gas-
sensing application, electronic, and/or antimicrobial functions for a variety of 
environmental, biomedical, transportation, and chemical manufacturing applications.  
 
For the fabrication of well-organized oxide nanostructures at high temperature, this 
method was initially developed by S. Yoo et al. [1] for the fabrication of titania surfaces 
with crystallographically-oriented nanofibers. They used commercial anatase TiO2 powder 
of size 32 nm as a starting material. Before the nanocarving process, the sintered 
polycrystalline titania was composed of faceted grains that resulted from sintering. After 
nanocarving, fine fibres with diameters of 15-50 nm and lengths of up to 5 µm, were 
observed. 
 
In this work, nanocarving technique was used for producing nano-structured titanium 
oxide thin films using H2 gas interaction with the Ti surface. QCM gold electrode of 200 
nm film was prepared during electron beam evaporation and coated with sputtered 
titanium films. For the deposition of titanium, the chamber was evacuated (10-3 Pa) and 
then argon gas was introduced to increase the pressure to 1.33 Pa. 120 W sputtering 
powers was used. Samples were heated at 100 °C during the deposition.  The distance 
between target and the sample kept at 80 mm. RF magnetron sputterer was employed to 
deposit 1000 nm film of titanium thick layer on top of QCM gold electrode. 
 
In the nanocarving process, QCM gold electrode with 1000 nm titanium thick film were 
placed in the oven at 600 °C for 5 hours. The gas mixture of 1% H2 in N2 was introduced 
in the oven. The gas flow rate during the H2/N2 treatment was kept at 500 ml/min. The 
process of Ti annealing in the presence of H2 carves Ti films into nano-structure shapes. 
The process is a gas-solid interaction. The nanostructures formed as a result of an 
etching process that is selective to a specific crystallographic orientation. It required a two-
step process firstly sintering in air and secondly H2/N2 treatment. Temperature and time 
played critical role in creating these nanostructures. The dependence of nanostructures 
formation on the gas flow rate suggests that the process depends on the diffusion of the 
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reactant gas through a gaseous boundary layer or evaporation of products. Thin films 
were characterised using SEM and XRD techniques which will be presented in chapter 5.  
 
4.7 Conclusions 
 
Different methods, which the author used in this PhD project, for the synthesis of nano-
materials in the form of nanorods, nanopores, and nanostructured thin films were 
presented in this chapter. The deposition techniques for the development of these films 
were described and the parameters in the process were presented.  
 
The fabricated sensitive layers were implemented on QCMs, and characterized and 
consequently used for mercury sensing applications which will be presented in chapters 5 
and 6.  
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5 
5 Nanofeatured thin films characterisations 
5.1 Introduction 
 
In chapter 4, the methods for the deposition of mercury sensitive thin films were 
discussed. In this chapter, the results regarding characterisations of such thin films will be 
presented. To develop an understanding of the films’ nanofeature properties, the author 
employed an extensive range of equipments.  
 
Chapter 5 will discuss regarding various analysis techniques utilized to characterize these 
thin films: Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM) 
which allow visual analysis of the morphology of the thin films. Crystallization and grain 
structures were viewed by Transmission Electron Microscopy (TEM) analysis, crystallite 
phases determined by X-Ray Diffraction (XRD), surface area of materials were obtained 
by Brunauer Emmett Teller (BET) analysis and the determination of the presence of 
metals and non metal were obtained by Inductively Coupled Plasma Mass Spectroscopy 
(ICP-MS) analysis. Characterisation results will be discussed in detail in Section 5.1 to 
5.3. For electrical characterisations and gas sensing responses, the author and the project 
team designed a multi-channel calibration system which is capable of taking different 
components of gas mixtures to be exposed to the sensors which will be discuss in  
chapter 6. 
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5.2 Thermally evaporated MoO3 
 
Thin films of nanostructured MoO3 were deposited via thermal evaporation on QCM as 
described in chapter 4. The micro/nano characterisation investigation is the first stage of 
understanding the properties of MoO3 films for gas sensing. The author used SEM, AFM, 
XRD and BET analysis to reveal the properties of MoO3. The electric properties of the 
fabricated sensor films whose sensing behaviours were monitored toward different levels 
of mercury vapour and ammonia and humidity in N2, will be discussed in chapter 6. 
 
5.2.1 SEM analysis 
 
Throughout the PhD research two SEM instruments were used. The first was a high 
resolution SEM, (Philips XL-30) fitted with an Energy Dispersive X-ray Spectroscopy 
system (EDS) manufactured by Oxford Instruments. The second system was high 
resolution FEI Nova NanoSEMTM which was employed to observe the nanofeatures of the 
thin films. The EDS functionality was used for identifying the composition of thin films. 
Compositional analysis of the material was obtained by monitoring secondary X-rays 
produced by the electron-specimen interaction. Nanofeatures such as, dimensions, 
morphologies, and distribution parameters were characterised using SEM. The film 
thickness was also determined by visual inspection of the surfaces. 
 
In this work, SEM was used to examine the nano/microstructure, surface topography, and 
film homogeneity before and after the deposition of MoO3. The SEM image of the 
commercially available QCMs is shown in Figure 5.1. QCMs were purchased from             
Hy-Q Crystals, Australia. Each electrode was comprised of thermal evaporated 1000 nm 
thick film of Au on a 10 nm thick Ti adhesion layer on rough quartz. From visual inspection 
the surface consists of spherical nano grains ranging from 10-20 nm covering the gold 
electrode of the QCMs. The roughness of a gold surface is largely influenced by the 
quartz substrate’s roughness as shown in the Figure 5.1. 
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Figure 5.1 SEM micrograph of gold surface on a rough QCM substrate at 500 nm scale. 
 
 
Figure 5.2 shows the SEM micrograph of the thermally evaporated MoO3 nanostructures 
on the gold electrode of a rough quartz surface. The nanostructures coated with 50 nm of 
gold thin film using a DC sputterer. The author choose the film thickness due to the 
suggested optimized thickness by Battistoni et al. [1]. From the figure it can be seen that 
the nanostructures are comprised of hexagonal nanoplatelets. The layered-like structure 
of nanoplates is clearly observed in SEM micrograph. The majority of sides of the MoO3 
nanoplatelets are less than 250 nm with a thickness less than 20 nm. EDS confirmed that 
both Mo and O exist. This is consistent with the results of Comini et al. [2].  
 
 
 
Figure 5.2 SEM micrograph of molybdenum oxide hexagonal nanoplatelets at 500 nm 
scale deposited on rough QCM substrates with 50 nm of gold layer on top. 
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5.2.2 AFM analysis 
 
In this work, AFM was used to obtain morphology of the thin films surface. AFM is a very 
high-resolution type of scanning probe microscope and has resolution of fractions of a 
nanometer. AFM utilize to measure attractive or repulsive forces between the scanning 
probe tip and the sample surface, and to acquire atomic-scale images of surfaces. The 
data is collected as the probe is scanned across the sample to form image. A microscopic 
image obtained varied in the measured property, such as height or magnetic domains. 
The AFM utilizes a microscale cantilever, usually made from silicon or silicon nitride. 
Cantilever’s sharp probe moving over the surface of the sample. The probe has a tip on 
the end of a cantilever which bends in response to the force between the tip and the 
sample.  
 
In this work, the AFM used (NanoScope IIIa Dimension 3100, Digital Instrument Inc.) in 
tapping mode was equipped with a silicon tip (NSC15/A1 BS, MikroMasch Ultrasharp) of 
10 nm radius. AFM was utilized to measure the roughness of commercially deposited gold 
electrodes of QCMs. Figure 5.3 show that the film is rough and granular. For a selected 
area of the surface, the Nanoscope software calculated roughness mean square (RMS). 
RMS is a measure of the vertical standard deviation (z direction) of a plane from the mean 
of that plane based on the values of each point’s z coordinate. The calculated rms 
roughness (Rq) and average roughness (Ra) values over a 2 µm x 2 µm scan were 
approximately 20% higher surface area than the projected surface area.  
 
 
 
Figure 5.3 AFM micrograph of gold surface on rough QCM substrate x at 500 nm/div 
scale and z at 250 nm/div scale. 
X
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After MoO3 deposition 
 
Roughness factors based on microscopy images of the gold coated thermal evaporated 
MoO3 nanostructured platelets was assessed and calculated. The atomic force 
microscopy data demonstrate that the thermally evaporated MoO3 thin films are 
homogeneous and uniform with regard to the surface topography.  Figure 5.4 and    
Figure 5.5 show the surface topography of MoO3 nanostructured film deposited on gold 
electrode of the QCMs.  The AFM images of MoO3 thin films deposited at 730 °C reveals 
that the film is composed of hexagonal platelets of varying sizes and the average side 
length is estimated to be around 250 nm. The calculated Rq and Ra values over a 
2 µm x 2 µm scan is approximately 60% higher surface area than the projected surface 
area. From these results, it seems that by depositing the MoO3 on QCM electrodes, the 
surface roughness of the film increases. The surface area is proportional to surface 
roughness. Hence, from this analysis, it could be said that MoO3 nanostructures, higher 
surface area, are highly desirable for gas sensing.  
 
 
 
Figure 5.4 AFM micrograph of thermally evaporated MoO3 thin films gold surface on 
rough QCM substrate x at 500 nm/div scale and z at 1000 nm/div scale. 
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Figure 5.5 AFM micrograph of thermally evaporated MoO3 thin films gold surface on 
rough QCM substrate, x at 2000 nm/div scale and z at 2000 nm/div different scale.  
 
5.2.3 TEM analysis 
 
In this work, TEM was employed to observe the structure of specimens by the use of 
transmitted electrons and for sample microstructural analysis, interfacial analysis and 
crystal structure investigation. TEM uses a beam of focused high energy electrons is 
transmitted through a thin sample, interacting with the specimen as they pass through. 
Electrons transmitted through the specimen, which is magnified and focused onto an 
imaging device, such as a fluorescent screen. Information about its morphology, 
crystallography, particle size distribution, and its elemental composition can be observed. 
It is capable of providing atomic-resolution lattice images as well as giving chemical 
information at a spatial resolution of 1 nm or better. 
 
In this work, TEM was utilized to observe the nano size grain structure of thermal 
evaporated MoO3 specimens. Samples were prepared and observed under a JEOL 1010 
microscope, operating at 100 kV, used for conventional and high resolution TEM 
characterisation. Figure 5.6 shows the grain structure of the thermal evaporated MoO3 
films. It can be seen that the film have hexagonal layered plates. MoO3 nanostructure is 
made up of small hexagonal plates with side average dimensions of less than 250 nm. 
X
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From the TEM, the films are in a stable crystalline state, hence could be operated at high 
temperatures for gas sensing purposes and it is desirable for gas sensing applications. 
 
 
 
Figure 5.6 High resolution images of the thermal evaporated nano structured MoO3. 
 
 
5.2.4 XRD analysis 
 
In this work, general area detector diffraction system (GADDS – BrukerAXS D8 Discover) 
was employed to determine crystal phases of the thin film materials. The core of GADDS 
is a high performance two-dimensional detector, which is 104 times faster than a position 
sensitive detector. The crystalline structure of the sample diffracts the X-ray beam to 
produce beams at specific angles depending on the X-ray wavelength, the crystal 
orientation and the structure of the crystal. X-rays are predominantly diffracted by 
elements in the crystal structure and analysis of the diffraction angles produces a pattern 
for the crystal lattice. Crystal phases can be examined by a wide-angle XRD.  
 
In this work, the X-ray diffraction patterns were obtained using Cu X-ray tube 
(Kα = 1.542 Å) operated at 40 kV, 40mA. The diffraction pattern of a thermally evaporated 
MoO3 layer that was deposited on QCM is shown in Figure 5.7. The appearance of sharp 
peaks shows that the film contains crystal phases. The major peaks at 33°, 38.9°, 59°, 73°   
and 77° are associated with the (101), (060), (241), (271), and (301) diffraction planes, 
respectively.  
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Figure 5.7 X-ray diffraction patterns of thermally evaporated MoO3 layer deposited on the 
gold electrode. 
 
 
Some small peaks also appeared at 23.2°, 29.7° and 52.7°, which are associated with the 
(110), (130) and (211) diffraction planes. Extra peaks also appeared at 18.5° and 21°. The 
peaks for the films deposited are due to the orthorhombic phase of MoO3. Comini et al. [2] 
and Li et al. [3]  observed the same peaks for MoO3 prepared by thermal evaporation. 
 
For mercury sensing applications, the evaporated MoO3 layers were covered with 
sputtered gold. The majority of crystal planes exist on gold film are (111), (110), and 
(100). The most stable, (111) orientation, has the lowest energy. Other orientation, (100), 
is unstable [4, 5] and usually undergoes a structural reconstruction to achieve a lower 
energy. Gold surfaces can be either single crystal in nature, where there is a predominant 
crystal grain across the majority of the surface, or polycrystalline, where the gold surface 
is comprised of a combination of the different crystal grains. The type of crystal grains 
found on a gold surface depends on the way the gold was deposited on the substrate 
material and the roughness of the gold substrate. The existence of two different crystal 
grains on a surface creates grain boundaries in the gold surface. 
 
The diffraction pattern of the MoO3 layer covered with a 50 nm thin film of DC sputtered 
gold is shown in Figure 5.8. The major peaks are at 39.5°, 45.5°, 65.5°,
 
78° and 82.5°, 
which are associated with the (111), (200), (220), (311), and (222) diffraction planes.  
These peaks match the typical XRD pattern of a gold layer. This asserts that the surface 
of MoO3 has been fully covered with gold.  
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Figure 5.8 X-ray diffraction patterns of the sputtered gold layer on a MoO3 layer. 
 
In this work, the other deposited gold in this study was evaporated films and 
polycrystalline gold (from the commercial QCMs), each of which is expected to possess 
unique surface characteristics. Evaporated gold is also polycrystalline in nature where 
layer can be formed by evaporating high purity gold onto a QCM covered by an adhesive 
layer of titanium. Evaporated gold films, is known to have a strong gold (111) character 
when deposited on a heated mount of glass or quartz [6]. 
 
5.2.5 BET analysis 
 
In this work, Brunauer, Emmett and Teller (BET) surface measurements were conducted 
on the QCMs before and after the deposition of MoO3. BET analysis is a rule for the 
physical adsorption of gas molecules on a solid surface. The concept is an extension of 
the Langmuir theory, which is a theory for monolayer molecular adsorption, to multilayer 
adsorption with the following hypotheses: (a) gas molecules physically adsorb on a solid 
in layers infinitely; (b) there is no interaction between each adsorption layer; and (c) the 
Langmuir theory can be applied to each layer [7]. The QCMs deposited with MoO3 had a 
surface area approximately 49% higher than the untreated QCM. Due to the relatively low 
surface area of these samples the surface areas measured had quite a high percentage 
error. 
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5.3 Anodized TiO2 
 
In this section, the characterisation results for Ti thin films before and after anodization will 
be presented. The author used SEM, XRD and electrical analysis to reveal the properties 
of Ti thin films before and after anodization. Before the deposition process, samples were 
cleaned. For cleaning, samples were rinsed in acetone, isopropanol and deionised water 
before placing in the sputterer chamber. Ti thin films of approximately 1 µm were 
deposited using an RF sputterer on glass (to investigate the anodization) and quartz. 
Samples sputtered in a range of temperatures from 100 to 220 °C were used for the 
anodization process. For making the QCM sensors, firstly 10/200 nm of electron beam 
evaporated Ti/gold was deposited on the polished quartz disks (with smooth 
morphological features) to make the electrodes of the QCM then the second layer of Ti 
was deposited using a RF sputterer for the anodization use. Ti films were then anodized 
by the application of different DC voltages against a platinum (Pt) reference electrode. 
 
Figure 5.32 and Figure 5.33 show schematic diagrams of pores formation processes 
obtained at different applied voltages. At a high anodizing potential, when the electric field 
is strong, a thick oxide layer forms due to large Ti ion dissolution and re-precipitation of 
hydroxide film [8]. It can be seen from Figure 5.32(a) that the oxide layer is formed. This 
barrier layer is compact enough to prevent the passage of OH− ions from the electrolyte to 
the metal/oxide interface and Ti4+ ions from the metal/oxide interface to the electrolyte 
under the low potential. This barrier layer protects the metal thin film from further 
anodization (etching). Furthermore, in the acidic region and with the help of surface 
defects of the anodizing film, the fluoride ions promote the initiation small notches as 
shown in Figure 5.32(b).  
 
After the anodization process, 20 nm of gold was deposited to form the mercury sensitive 
films. The author choose the film thickness top to be 20 nm due to the suggested 
optimized thickness by Battistoni et al. [1] and George et al. [9]. Battistoni demonstrated 
using the Secondary Ion Mass Spectroscopy (SIMS) of the gold films exposed to mercury 
vapours that amalgamation of gold and mercury occurs for the first 7 nm sub-layer of thin 
gold films.  
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5.3.1 SEM analysis of Ti thin films deposited on glass 
 
In this work, SEM was used to examine the nanofeatures, surface topography, and film 
homogeneity of Ti films. SEM micrographs of RF sputtered Ti thin films on glass 
substrates at two different conditions: (a) 120 W and 100 °C (b) 60 W and 220 °C; before 
anodization are shown in Figure 5.9 and Figure 5.10. These figures show the grains of the 
titanium films are densely packed and consist of polygonal plates. It was observed that the 
grain dimensions are much smaller for the film deposited at lower temperature of 100 °C 
(less than 150 nm). Since smaller nanopores were favoured in our work, these conditions 
were chosen for the deposition of the titanium films. 
 
 
 
Figure 5.9 SEM micrograph of titanium thin film sputtered at 120 W, 100 °C on glass a 
substrate at 500 nm scale.  
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Figure 5.10 SEM micrograph of titanium thin film sputtered at 60 W, 220 °C on glass 
substrate at 500 nm scale: the marked area in figure has been enlarged and shown in the 
inset for clarity regarding the dimensions. 
 
 
During sputtering of Ti thin films high temperature was utilized to minimize strain and 
defects. Such a high temperature deposition condition also restores the metal’s ductility 
and allows Ti to adopt well defined crystal facets [10]. The process of high temperature 
deposition typically leads to a more stable and smoother surface.  
 
5.3.2 SEM analysis of Ti thin films deposited on evaporated gold 
 
Gold thin film of 200 nm was electron beam evaporated on a 10 nm Ti thin layer deposited 
by electron beam evaporator at room temperature on both side of the quartz wafer. Ti 
layer was used as an adhesion between quartz and the gold thin film [11, 12]. Gold thin 
film was used in order to make QCM electrodes [13]. The SEM micrograph is shown in 
Figure 5.11. Small grains of size 20-50 nm were obtained. Plates like structures were 
observed on both side of the quartz crystal. 
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Figure 5.11 SEM micrograph of 200 nm electron beam evaporated gold thin film on 
polished quartz substrate at scale of 300 nm.  
 
 
Sample prepared in Figure 5.11 was then deposited with 800 nm thin layer of Ti at 220 °C. 
RF sputterer was used in deposition of Ti layer. Ti layer was deposited on the gold layer in 
order to make sample for anodization. Grain size of 20-50 nm was observed on the both 
sides of the polished quartz substrate as shown in Figure 5.12 . Larger Ti grain size was 
obtained compared to the grain size of the gold as shown in Figure 5.11. 
 
 
 
Figure 5.12 SEM micrograph of 800 nm of RF sputtered Ti thin film on 200 nm of electron 
beam evaporated gold film on polished quartz substrate at scale of 300 nm.  
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5.3.3 SEM analysis of Ti thin films on glass after anodization 
 
A DC voltage in a range of 2 V to 10 V was applied and the corresponding current for 
each voltage was measured. It was observed that the properties of the titanium thin film 
surfaces changed remarkably with the anodization time and applied voltages. A set of 
experiments were performed to see the effect of these parameters on titanium thin films 
and the anodized thin films were investigated using SEM and XRD techniques.  
 
Applied voltage: 2V, anodization time: 30 – 240 minutes:  
 
Figure 5.14, Figure 5.15 and Figure 5.16 show the SEM images of the titanium thin film 
after 30, 60, and 240 minutes anodization at 2 V. The corresponding current recorded in 
the 240 minutes process is shown in Figure 5.13. As can be seen, the current reaches a 
minimum of 0.07 mA after 600 seconds and a maximum of 0.45 mA after 3200 seconds 
and gradually decreases from this peak. 
 
 
 
Figure 5.13 Four stages of the anodization transient current for 2 V. 
 
 
Figure 5.14 shows that the surface has densely packed grains and there are only few 
cracks and pits on the surface of the thin film. The number of cracks and pits and their 
dimensions increases with the anodization time. In Figure 5.15 and Figure 5.16 pores 
were formed as described above. Pores diameter in the range of 150-300 nm and gaps 
between these pores are in the order of 100-400 nm were observed in Figure 5.14 and 
Figure 5.15. 
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Figure 5.14 SEM micrograph of the titanium film deposited on glass at 220 °C and 
anodized at 2 V for 30 minutes.  
 
 
 
 
Figure 5.15  SEM micrograph of the titanium film deposited on glass at 220 °C and 
anodized at 2 V for 60 minutes.  
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Figure 5.16 SEM micrograph of the titanium film deposited on glass at 220 °C and 
anodized at 2 V for 240 minutes.  
 
 
Applied voltages: 5 V and 10 V, anodization time: 30 minutes:  
 
Figure 5.17 shows the current transients for 5 V and 10 V anodized samples. For 
anodization at 5 V the current has a first peak at 9 mA and sharply dropped to 
approximately 3 mA in 250 seconds and then have a second peak at 3.75 mA after      
750 seconds, where current gradually dropped to 0.8 mA. The current transient for 10 V is 
different from the 5 V. After applying the 10 V source, the current reduced rapidly to 
9.5 mA. Afterwards, the current reached a peak of 11 mA in just 60 seconds. TiOx film is 
formed on the surface of the etched titanium with a thickness which depends on the 
applied voltage. As a result of the formation of this layer, the transient current was 
reduced in time. 
 
 
Figure 5.17 Current transients of titanium samples: 5 V and 10 V. 
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Author initially investigated and observed anodization process of Ti thin film on glass then 
implemented the process on the 800 nm RF sputtered Ti thin film on 200 nm of electron 
beam evaporated gold film on polished quartz substrate for making the real QCM device. 
Figure 5.18 and Figure 5.19 show the SEM micrograph of anodized titanium thin film at     
5 V and 10 V potentials for 30 minutes, respectively. For both 5 V and 10 V pores were 
formed in hatched egg shapes with nanoholes of less than 200 nm in diameter. 
Interestingly, the egg walls were very thin in the order of several tens of nanometer. 
Processing the images show that the thickness of the hatched eggs walls are less than 
30 nm. The eggs are necking and are very condensed for the 10 V sample. However, for 
5 V, small gaps are observed between the egg shape structures. 
 
 
Figure 5.18 SEM micrograph of titanium samples anodized at 5 V. 
 
 
Figure 5.19 SEM micrograph of titanium samples anodized at 10 V. 
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5.3.4 SEM analysis of Ti/gold surface thin films after anodization 
 
After the preliminary tests, the Ti films, which were deposited on QCMs gold electrodes, 
were anodized.  Anodizations of these thin films were conducted at 3, 10, 15 and 20 V.  
 
Anodization at 3 V, 60 minutes  
 
For the sample anodized at 3 V author investigate different time intervals. Nano pores 
were mostly observed after 50 minutes. At 60 minutes, pores were observed with 
diameter of less than 10 nm as shown in Figure 5.20. 
 
 
 
Figure 5.20 SEM micrograph of the titanium thin film deposited on quartz at 220 °C and 
anodized at 3 V for 60 minutes. 
 
 
Anodization at 10 V, 10 minutes  
 
At higher voltages author observed appearance of pores just after 10 minutes. For the 
sample anodized at 10 V for 10 min, pore diameters of less than 25 nm were seen    
(Figure 5.21). Pores were homogenously distributed throughout the sample. Inter-pore 
distances of 30-40 nm were observed.  
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(a) 300 nm scale (b) 100 nm scale 
 
(c)  50 nm scale 
 
Figure 5.21 SEM micrographs of the titanium thin film deposited on gold which were 
anodized at 10 V for 10 minutes (three different scales). 
 
 
A cross-sectional SEM micrograph of anodized titanium thin film on gold layer is shown in 
Figure 5.22. Tubes with lengths of less than 500 nm were observed. These tubes were 
densely packed and connected, vertically organised and were closed at the bottom. 
Tubes’ walls of the thickness of less than 30 nm were observed. 
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Figure 5.22 Cross-sectional SEM micrograph of the titanium thin film deposited on gold 
which was anodized at 10 V for 10 minutes. 
 
 
Anodization at 15 V, 10 minutes  
 
The SEM micrograph of titanium thin film on gold anodized at 15 V for 10 minutes is 
shown in Figure 5.23. Diameter in the range of 30-40 nm was observed. Interpores 
distances were less than 60 nm which were larger compared to the samples anodized at 
10 V for 10 minutes.  
 
 
 
Figure 5.23 SEM micrograph of the titanium thin film deposited on quartz for anodization 
at 15 V for 10 minutes. 
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Anodization at 20 V, 10 minutes  
 
Figure 5.24 shows the SEM micrograph of titanium thin film on gold on quartz substrate 
anodized at 20 V, 10 minutes. Pores of diameter in range of 40-50 nm were observed. 
The pores diameter are larger than the pores obtained with smaller voltages. Interpores 
distance in the range of 50-70 nm was observed.  
 
 
 
Figure 5.24 SEM micrograph of the titanium thin film deposited on quartz for anodization 
at 20 V for 10 minutes. 
 
 
Gold sensitive layer deposition 
 
The anodized sample at 3 V for 60 minutes coated with gold is shown in Figure 5.25. The 
pore heads were blocked after the deposition of 20 nm of gold layer. As a result, the small 
diameters were not preferred for the sensing work proposed in this project. 
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Figure 5.25 Sample anodized at 3 V for 60 minutes with 20 nm of gold thin layer on top. 
 
 
Figure 5.26 shows the SEM micrograph of a gold coated titanium porous film which was 
anodized at 10 V for 10 minutes. As can be seen, gold forms small grains of less than 
10 nm in diameters covering the surface.  
 
 
 
Figure 5.26 SEM micrograph of 20 nm gold film deposited on the titanium porous film 
anodized at 10 V for 10 minutes.  
 
 
Figure 5.27 shows the gold film of 20 nm deposited on the sample which was anodized at 
20 V for 10 minutes. Again gold grains with the dimensions in the order of 10 nm were 
observed. 
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Figure 5.27 SEM micrograph of 20 nm gold film deposited on the titanium porous film 
anodized at 20 V for 10 minutes. 
 
5.3.5 XRD analysis of Ti thin films on glass before and after anodization 
 
The RF Sputtered Ti films before and after anodization were characterized using XRD. 
The XRD patterns of the Ti samples on glass sputtered at two different conditions 
(60 W, 220 °C) and (120 W, 100 °C) were similar as can be seen in Figure 5.28.  Figure 
5.28 shows that the dominant faces are (002) at 38.4° and (101) at 40.2° for both 
samples. 
 
 
(a) 60 W at 220 °C 
 
(b) 120 W at 100 °C 
 
Figure 5.28 XRD patterns of titanium thin films deposited on the glass substrate. 
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Figure 5.29 shows XRD patterns of the titanium thin films (sputtered at 220 °C) anodized 
at 2 V before and after anodization. These patterns reveal that the porous titanium 
structure mostly consists of (002) and (101) faces. The patterns are similar to the 
preferential orientation during the sputtering process. However, no TiOx phase could be 
detected. 
 
 
 
Figure 5.29 XRD patterns of titanium thin films deposited on the glass substrate, non-
anodized and anodized film at 2 V. 
 
 
For the 5 V and 10 V anodized samples, the XRD patterns are shown in Figure 5.30. The 
patterns show that the porous structures consist of mostly (002) and (101) faces, which 
are similar to the preferential orientation of the titanium films in the sputtering process. 
However, this observation also reveals that three small peaks are observed at 44°, 53° 
and 55° which correspond to the anatase phase of titania. The small intensity of these 
peaks suggests that the TiOx layer is very thin. 
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Figure 5.30 XRD patterns of titanium thin films deposited on the glass substrate, 
anodized for 5 V (top) and 10 V (bottom). 
 
5.3.6 XRD analysis of Ti thin film on quartz on gold before and after 
anodization 
 
XRD patterns were investigated at different steps of the fabrication of the real device 
QCMs: (a) after the deposition of 200 nm of gold layer on 10 nm of Ti adhesion layer on 
quartz wafer, (b) after the deposition of 800 nm of Ti layer on 200 nm of gold layer, 
(c) after anodization at different voltages (10 V, 15V, 20 V) and (d) after the deposition of 
20 nm of gold mercury sensitive layer on the anodized nanoporous films.  
 
The diffraction pattern of the 200 nm gold layer on quartz (SiO2) is shown in 
Figure 5.31 (1) pattern. The major peaks are at 38.2°, 44.5°, 77.5° and 81.5°, which are 
associated with the (111), (200), (311), and (222) diffraction planes.  These peaks match 
the typical XRD pattern of the gold layer [14]. After the deposition of 800 nm of Ti layer on 
the 200 nm gold film, the Figure 5.31 (2) pattern was obtained for which the major peaks 
at 38.4°, 40.2°, 53° and 71° are associated with the (002), (101),  (102) and (103) 
diffraction planes of Ti, respectively. The Ti peak at 38.4° is in near the location of the gold 
intense peak at 38.2°.  
 
In the anodized Ti film pattern, as shown in Figure 5.31 (3), the peak of maximum 
reflection occurs at 38° (004). We see that the Ti peak (101) at 38.4° and (103) at 71° are 
absent.  
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After coating the anodized Ti film with 20 nm of gold, we can see that major peak of the 
anodized Ti shifted to 38.2° with diffraction plane (111) and other minor peaks observed at 
77.5° and 81.5°, which are associated with the (311) and (222) diffraction planes. These 
peaks match the typical XRD pattern of a gold layer. This asserts that the surface of 
porous Ti has been covered with gold. 
 
Few similar peaks appeared on all the samples. The major peaks are at 44.5°, 65°, 77.5° 
and 81.5°, which are associated with the (200), (220), (311), and (222) diffraction planes.  
Similar XRD patterns were also observed for other samples (5-7) anodized at different 
voltages of 15 and 20 V.  
 
 
 
 
Figure 5.31 XRD patterns of titanium thin films deposited on the QCM electrode, non-
anodized and anodized films at 10 V, 15 V and 20 V and XRD pattern of gold coated 
porous thin films. 
 
 
 
1 
2
1 
2
3
3
4
5
6
7
4
5
6
7
(222) 
Au (111) 
(311) Au (200) 
(103) Ti (102) (101) 
(222) 
(222) Au (311) 
absent (101) 
(200) 
Ti (002) 
TiO2 (004) 
TiO2 
102 
5.3.7 Formation mechanism model of the anodized surface structures 
 
Two different pore dimensions were obtained in these experiments: pores with sub-micron 
dimensions and pores/tubes size with nano dimensions.  We can assume that the 
formation of different surface structures is strongly correlated with the thickness and 
morphology of the oxide layer formed at the initial stage of the anodization process [8]. 
 
In the micropores formation: when the electric field formed on the surface is high, fluoride 
ions attack the defect sites on the surface of the barrier layer which cause small notches. 
Electrolytes flow into the notches and speeds up the growth of pores formation until the 
metal/oxide interface is reached as can be seen in Figure 5.32(c). At this stage, Ti metal 
contacting the electrolyte and the current transient increases to maximum due to the 
sudden departure of Ti4+ ions from the metal substrate to the electrolyte (current transient, 
stage II, can be seen in Figure 5.13). Current transient decreases again due to the 
passive oxide layer formed at the bottom of the pits, as can be seen in the Figure 5.32(d). 
Repassivation of the bottom of the pits surface occurs when the fluoride ions penetrate 
the oxide layer at pits surface and again the dissolution of the metal surface occurs from 
the bottom as can be seen in the Figure 5.32(e) and Figure 5.32(f).  
 
Figure 5.32 Schematic diagram of the anodization process for large pits: (a) forming oxide 
layers, (b) small notches on the surface are established, (c) the metal/substrate is 
reached, (d) passivation on the bottom occurs, (e) breakdown on the tips take place, (f) 
repassivation occurs.  
 
 
In the nanopores formation: when nanoporous structures are formed at a low applied 
electric field, the barrier layer formed at the beginning of anodization is much thinner than 
that for a high potential as can be seen in Figure 5.33(a). Nano slits appear on the surface 
a b c 
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Ti oxide layer 
Ti metal 
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of the oxide layer; this is followed by the formation of the nanoporous structure, as the 
electric field intensity at the pore bottom is much higher than that at the walls due to their 
different curvatures [8]. Titanium is then etched at a high rate near the bottom of the 
pores, which allows the pores in the direction normal to the surface [15]. At the same time, 
owing to the remaining thin oxide layer, the OH− ions may migrate to the metal/oxide 
interface; this is followed by the formation of oxide [8]. If the rates of oxide formation and 
dissolution at the bottom are equal, the thickness of the barrier layer is kept constant as 
seen in the Figure 5.33(b)-(d). 
 
Figure 5.33 Schematic diagram of the formation process for a nanoporous structure:     
(a) forming an oxide layer; (b) the pores formation; (c), (d) growth of the oxide layer and 
formation of pores in equilibrium. 
 
5.4 Nanocarving  
 
As was described in chapter 4, Ti films were RF sputtered and carved at three different 
temperatures: 640, 700, and 800 °C in 1% H2 / 99% N2 gas mixture. The SEM and XRD 
techniques were used for the characterisation of the resulted films. 
 
5.4.1 SEM analysis of Ti thin film on quartz before and after nanocarving  
 
The SEM micrographs of RF sputtered Ti thin films on quartz substrates at 120 W and 
100 °C before carving is shown in Figure 5.34. The grains of the titanium films are densely 
packed and consist of grains with circular bases. The grain dimensions of less than 
150 nm were observed.  
 
Ti oxide layer 
Ti metal 
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Figure 5.34 SEM micrograph of 1 µm thick RF sputtered Ti thin film on polished quartz 
substrate at 500 nm scale.  
 
 
Figure 5.35 to Figure 5.36 show the SEM micrographs of the etched RF sputtered Ti thin 
film at 640 °C. The etched Ti thin films consist of nanorods and nanostructures with 
dimensions in the range of 20-150 nm. Nanostructures with spacing of less than 125 nm 
were also observed.  
 
 
 
Figure 5.35 SEM micrograph of Ti thin film carved at 640 °C. 
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Figure 5.36 Two SEM micrographs of Ti thin film carved at 640 °C at different location 
(shown at 45° angle). 
 
 
Figure 5.37 shows the SEM micrograph of the titanium etched at 700 °C. In this case, the 
majority of the nanostructures were in the dimension of 70-150 nm. The spacing were in 
the range of 10-50nm. 
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Figure 5.37 The SEM micrograph of Ti thin film carved at 700 °C. 
 
 
Figure 5.38 shows the different scale SEM micrographs of the Ti etched film at 800 °C. 
Nanoplates with thicknesses in the order of a few 10 nm having other dimensions of less 
than 100 nm were observed. 
 
 
 
 
Figure 5.38 SEM micrograph of Ti thin film carved at 800 °C. 
 
5.4.2 XRD analysis of Ti thin film on quartz before and after nanocarving 
 
The X-ray diffraction pattern of a RF sputtered Ti thin film on quartz before nanocarving is 
shown in Figure 5.39 and was used to determine the phases of the Ti and TiOx present. 
The appearance of sharp peaks shows that the film contains crystal phases. The major 
peaks at 38.4°, 53° and 71° are associated with the (002), (102) and (103) diffraction 
planes, respectively.  
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Figure 5.39 XRD pattern of titanium thin films deposited on the quartz. 
 
 
Figure 5.40 shows the X-ray diffraction pattern for the Ti film etched at 640 °C. The XRD 
patterns for other temperatures are fairly similar. It reveals that thin films have changed 
into rutile form of titanium dioxide. The major peaks at 27.5°, 36°, 41°, 44°, 54° and 56.5° 
are associated with the rutile form of Ti are (110), (101) (110), (111) (211) and (220) 
diffraction planes, respectively.  
 
 
Figure 5.40 XRD pattern of nanocarved RF sputtered Ti thin films deposited on the 
quartz. 
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The author believes that nanocarving has a great potential for nanostructuring the surface 
of RF sputtered Ti. However, author was not able to use the nanocarved films for making 
real mercury sensors using QCMs. Unfortunately, QCMs loose their piezoelectric 
properties at temperatures over 500 °C and nanocarving was only successfully conducted 
at temperatures over 600 °C. 
 
5.5 Conclusions 
 
Methods have been developed for producing nanostructured MoO3 and TiO2 thin films 
using thermal evaporation, anodization and nanocarving. SEM, XRD, TEM, AFM, and 
BET were used for the characterisation of these thin films. These nanofeatured layers 
were coated with gold to produce the mercury sensitive films. Gold coated anodized TiO2 
and evaporated MoO3 sensitive layers were used for mercury sensing and the results will 
be shown in Chapter 6. However, nanocarved TiO2 was not suitable as a practical 
sensitive layer as the QCMs lost their piezoelectric properties during the high temperature 
nanocarving process. 
 
5.6 References 
 
[1] C. Battistoni, E. Bemporad, A. Galdikas et al., “Interaction of mercury vapour with thin films 
of gold,” Applied Surface Science, vol. 103 no. 2, pp. 107-111, 1996. 
[2] E. Comini, L. Yubao, Y. Brando et al., “Gas sensing properties of MoO3 nanorods to CO 
and CH3OH,” Chemical Physics Letters, vol. 407, no. 4-6, pp. 368-371, 2005. 
[3] Y. B. Li, Y. Bando, D. Golberg et al., “Field emission from MoO3 nanobelts,” Applied 
Physics Letter, vol. 81, no. 26, pp. 5048-5050, 2002. 
[4] D. M. Kolb, “Reconstruction phenomena at metal-electrolyte interfaces,” Progress in 
Surface Science, vol. 51, no. 2, pp. 109-173, 1996. 
[5] R. J. Nichols, O. M. Magnussen, J. Hotlos et al., “An in-situ STM study of potential-induced 
changes in the surface topography of Au(100) electrodes,” Journal of Electroanalytical 
Chemistry, vol. 290, pp. 21-31, 1990  
[6] C. R. Clemmer, and T. P. B. Jr., “A review of graphite and gold surface studies for use as 
substrates in biological scanning tunneling microscopy studies,” Scanning Microscopy, vol. 
6, no. 2, pp. 319-333, 1992. 
[7] S. Brunauer, P. H. Emmett, and E. Teller, “Adsorption of gases in multimolecular layers,” 
Journal of the American Chemical Society, vol. 60, no. 2, pp. 309-319, 1938. 
[8] X. Yu, K. Kalantar-zadeh, Y. Li et al., “Formation of nanoporous titanium oxide films on 
silicon substrates using an anodization process,” Nanotechnology, vol. 17, no. 3, pp. 808-
814, 2006  
[9] M. A. George, and W. S. Glaunsinger, “The electrical and structural properties of gold films 
and mercury-covered gold films,” Thin Solid Films, vol. 245, no. 1-2, pp. 215- 224, 1994. 
109 
[10] D. R. Askeland, and P. P. Fulay, “The Science and Engineering of Materials, 5th edition,” 
Thomson, USA, 2005. 
[11] B. Parzen, “Design of Crystal and Other Harmonic Oscillators,” Wiley-Interscience 
Publication, New York, 1983. 
[12] R. A. Heising, “Quartz Crystals for Electrical Circuits,” D. Van Nostrand Company, Inc, 
USA, 1952. 
[13] M. Hendrickson, S. Laffey, and J. R. Vig, “Investigations of gold films on quartz crystals,” 
IEEE International Frequency Control Symposium, vol. 7, pp. 574-581, 1993. 
[14] C. B. Munns, “Thesis: X-Ray diffraction studies of evaporated gold thin films deposited on 
aluminum nitride substrates,” Naval postgraduate school, Monterey, California, 1994. 
[15] D. Gong, C. A. Grimes, O. K. Varghese et al., “Titanium oxide nanotube arrays prepared 
by anodic oxidation,” Journal of Materials Research, vol. 16, no. 12, pp. 3331-3334, 2001. 
 
 
110 
6 
6 Experimental results and discussion 
6.1 Introduction  
 
Sensor responses were measured and analysed for non-modified and modified sensors. 
As previously described, the surfaces of QCMs were modified using MoO3 and TiO2 
nanostructures to obtain large surface area and were covered with a thin layer of gold to 
form the mercury sensitive layer.  
 
Sensors tested according to the industry requirements in order to detect and measure 
high levels of gaseous mercury in the refinery process and in continuous emission 
monitoring. Sensors responses were measured and analysed for a wide range of sensing 
operating parameters: different temperatures (130, 114, 102, 89, 78, 69, 59, 54, 27 °C) 
and concentrations of mercury vapour (1.02, 1.87, 3.65, 5.70, and 10.55 mg/m3), as well 
as different concentrations of humidity (5.7, 7.6 and 10.4 g/m3) and ammonia (847, 1694, 
and 2541 ppm) interferants. In addition a range of film thicknesses for the nanofeatured 
mercury sensitive films were also investigated: 30 and 50 nm for MoO3 and 10 and 20 nm 
for TiO2. The pressure inside the gas chamber was equal to the atmospheric pressure. 
 
 
SEM and AFM images were utilized to see the effect of the exposure to mercury and 
intereferant gases on the nanofeatured sensitive layers after the measurements. ICP-MS 
was utilized to assess the degree of the amalgamation of mercury and gold.  
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6.2 Thermally evaporated MoO3 
 
Sensors were exposed to pulses of different mercury concentrations. Each pulse 
sequence (1, 2, 3, 4, 5), as shown in Figure 6.2, comprised of one hour exposure and one 
hour recovery periods of mercury vapour balanced in pure nitrogen, using a continuous 
flow of 200 standard cubic centimetre per minute (sccm). Each pulse contained a mercury 
vapour concentration proportional to the temperature of the mercury permeation tubes. 
The time delay between the batch of pulses was 4 hours. A filament heater (halogen light 
bulb) was used for heating the sensors and sensing chamber. The responses were plotted 
as frequency shifts vs. time.  
 
As can be seen in the dynamic responses, there was generally an initial drift in the base 
line of the QCMs resonance frequencies. This was ascribed to the changes in the 
properties of the layer, produced by the amalgamation of mercury vapour with the gold 
sensing layer and the mass of the mercury which was not released during desorption 
cycle. This change in baseline is caused by the amalgamation of mercury and gold which 
was assessed by the ICP-MS and will be presented later in this section. This change is 
due to the regeneration conditions which are not sufficient to completely desorb the 
amalgamated mercury. Previous studies have shown that mercury 
adsorption/amalgamation can be completely reversed by heating gold surfaces at 
elevated temperatures (above 170 °C) under varied conditions [1]. However, in these set 
of experiments we were not allowed to reach such high temperatures due to the industrial 
requirements. 
 
6.2.1 Scattering parameters 
 
A network analyser was employed to investigate the frequency shift and Q (quality factor) 
of the QCMs upon the deposition of each layer. For these analyses, MoO3 nanostructured 
layer was deposited on only one side of the QCMs. The deposition duration was 
30 minutes and the deposition parameters were described in Chapter 5. 
 
Figure 6.1 shows the scattering parameter, S11, of the QCM that was obtained using a 
network analyser (Agilent E5071B). Response 1 shows that the blank quartz crystal has a 
Q factor of approximately 10,000 and a resonance frequency of 9.9517 MHz. Response 2 
shows the Q factor and resonance frequency after the deposition of MoO3, and 
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response 3 shows the Q factor and resonance frequency after sputtering of approximately 
10 nm layer of gold on the top of the MoO3 nanostructures. From the network analyser 
measurements in Figure 6.1 it can be seen that the Q factor decreased with the deposition 
of MoO3 nanostructures and gold layer on the QCM. A decrease in the Q factor shows that 
the deposition of layers deteriorates the acoustic wave properties of QCM and also 
increases the roughness of the surface.  
 
From the network analyser response, it can be observed that there was a shift of 
40,200 Hz in the resonance frequency of the QCM after the deposition of MoO3 
nanostructures. A frequency shift of approximately 18,500 Hz was observed after the 
deposition of approximately 10 nm of gold on top of the MoO3 nanostructures. The 
decrease in resonance frequency can be explained by the Sauerbrey behaviour of QCM 
sensors due to the added mass.  
 
Based on the calculation using the Sauerbrey equation, the frequency shift of a blank 
quartz crystal after the addition of a 10 nm gold film should be approximately 4,369 Hz. 
However, frequency shift of 18,500 Hz was observed. If we assume that the 
nanomaterials were deposited only on one side of the quartz then the extra 14,131 Hz 
frequency shift can be attributed to the MoO3 featured nanotemplates. Considering the 
effect of the blank side, the frequency shift of gold coated MoO3 nanostructures was 
approximately 4.23 times larger than the blank crystal which is due to the increased 
surface to volume ratio. 
 
Figure 6.1 Scattering parameter, S11, of the QCM. 
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6.3 Sensing results for QCMs with gold coated nanostructured 
MoO3 electrodes  
6.3.1 Sensor response upon mercury exposure 
 
Tests were conducted for 30 and 50 nm thick MoO3 sensitive films. The response of the 
sensor with 30 nm thick gold layer was significantly lower (~25 %) than the 50 nm film 
indicating that the surface sensitivity was lower. For all different mercury sensitive film 
thicknesses and types, one phenomenon was in common that the frequency response 
was decreased at higher temperatures. Conversely, the response and recovery times 
were much smaller at high temperatures.  
 
Tests at different temperatures 
 
Comparison of commercial (non-modified) and MoO3 templated (modified) sensors are 
shown in Figure 6.2. Sensors were tested at different temperatures (114, 101, 89, 74, 63, 
55, 41, 27 °C) and different mercury concentrations (1.02, 1.87, 3.65, 5.70, and 
10.55 mg/m3) in dry nitrogen. In the process, temperature was decreased from high 
temperatures to low in order to assess the stability of the measurements.  
 
 
Dynamic response of the modified and non-modified sensors: 114 -74 °C. 
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Dynamic response of the modified and non-modified sensors: 63.5 -55.5 °C. 
 
 
Dynamic response of the modified and non-modified sensors: 41 -27.5 °C. 
 
Figure 6.2 Dynamic response of the modified and non-modified sensors: different 
temperatures and different mercury concentrations, the response is in hertz. 
 
 
Figure 6.3 shows the non-modified sensor response towards different concentrations of 
mercury vapours at different temperatures. For all mercury concentrations, response was 
large at low temperatures and small at high temperatures.  
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For high mercury concentrations at low temperatures: the observed response magnitude 
was larger at lower temperatures (for instance at 27 °C the frequency shift was 800 Hz for 
10.55 mg/m3). However, for these temperatures at low level of mercury concentrations 
response decreased dramatically (for instance at 27 °C the frequency shift was 120 Hz for 
1.02 mg/m3).  
 
At the lowest concentrations of mercury exposure (1.02 mg/m3), response was constant at 
all temperatures. However, at the high concentration of the mercury exposure 
(10.55 mg/m3) the response magnitude rapidly increased with the decrease of 
temperature: from 230 to 800 Hz when temperature decreased from 130 to 27 °C.  
 
 
Figure 6.3 Frequency shift vs. temperature of the non-modified sensor at different 
mercury concentrations. 
 
 
Figure 6.4 shows the modified sensor with gold coated nanostructured MoO3 surface 
response towards different concentrations of mercury. For all mercury concentrations 
similar to the previous test, response was large at low temperatures and small at high 
temperatures.   
 
For high mercury concentrations at low temperatures: the observed response magnitude 
was larger at lower temperatures (for instance at 27 °C  the frequency shift was 1900 Hz 
116 
for 10.55 mg/m3). However, for these temperatures at low level of mercury concentrations 
response decreased dramatically (for instance at 27 °C the frequency shift was 220 Hz for 
1.02 mg/m3).  
 
At the lowest concentrations of mercury exposure (1.02 mg/m3), response was constant at 
all temperatures. However, at high concentrations of the mercury exposure (10.55 mg/m3) 
the response magnitude rapidly increased with the decrease of temperature: from 420 to 
1900 Hz when temperature decreased from 130 to 27 °C.  
 
As can be seen, the frequency shift has increased for the modified sensor due to the 
increase of the surface to volume ratio. This increased response was seen at all exposure 
mercury concentrations and for all temperatures. 
  
At 27 °C the response was 1900 and 220 Hz for 10.55 and 1.02 mg/m3 concentrations 
comparing to the non-modified sensors which showed only 800 and 120 Hz frequency 
shifts. This is an increase of 138% and 84% in response for these two different 
concentrations, respectively. 
 
At the maximum operating temperature of 131 °C, the response was 420 and 180 Hz for 
10.55 and 1.02 mg/m3 concentrations comparing to the non-modified sensors which 
showed only 230 and 90 Hz frequency shifts. These are 83% and 100% increases in 
responses for these two different concentrations, respectively. 
 
117 
 
Figure 6.4 Frequency shift vs. temperature of the modified sensor at different mercury 
concentrations. 
 
 
Response and recovery times were measured to compare the modified and non-modified 
sensors responses. As can be seen in the 90% response time vs. temperature curve 
which is presented in Figure 6.5 (for mercury concentration of 5.7 mg/m3), both sensors 
are faster at elevated temperatures. At temperatures above 89 °C the modified sensor 
responded faster than the non-modified sensor.  The fastest response was observed at 
114 °C. The response for temperatures less than 45 °C was quite long (more than 
40 minutes) as the mercury amalgamation with gold is much slower at low temperatures. 
Figure 6.6 shows the 90% recovery time vs. temperature. The recovery of the modified 
sensor was faster for the temperature of 55-90 °C than the non-modified sensors. For 
temperatures above 90 °C both sensors had almost similar response and recovery times.   
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Figure 6.5 Response time vs. temperature for modified and non-modified sensors 
(at 5.7 mg/m3 concentration). 
 
 
Figure 6.6 Recovery time vs. temperature for modified and non-modified sensors 
(at 5.7 mg/m3 concentration). 
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For comparison, the dynamic responses of the modified and non-modified sensors for 
different mercury concentrations at different temperatures are shown in Figure 6.7. In 
these figures the starting point of the dynamic responses for non-modified and modified 
sensors has been overlapped for better comparison of the response magnitude, recovery 
and response time at each temperature for both sensors. 
 
  
Dynamic response of the sensor for mercury 
vapours at 114 °C 
Dynamic response of the sensor for mercury  vapours 
at 101 °C 
 
 
Dynamic response of the sensor for mercury  
vapours at 88.5 °C 
Dynamic response of the sensor for mercury  vapours 
at 74 °C 
 
 
Dynamic response of the sensor for mercury  
vapours at 63.5 °C 
Dynamic response of the sensor for mercury vapours 
at 55.5 °C 
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Dynamic response of the sensor for mercury vapours at 41 °C 
 
Figure 6.7 The dynamic response of the sensor towards mercury vapours at different 
temperatures for modified and non-modified sensors. 
 
6.3.2 Sensor response upon mercury and humidity exposure 
 
Commercial (non-modified) and MoO3 templated (modified) sensors were exposed to 
interferants such as humidity and dynamic response of the sensors with different humidity 
and mercury concentrations were observed at different temperatures (89, 74, 63, 55 °C). 
For these tests, only a selected number of temperatures were chosen due to the 
industrial requirements. The humidity concentration was changes (L = 5.7, M = 7.6 and 
H = 10.4 g/m3) while sensors were exposed to different mercury concentrations (1.02, 
1.87, 3.65, 5.70, and 10.55 mg/m3). The temperature was decreased from high (89 °C) to 
low in order to asses the stability of the measurements (55 °C). Comparisons of sensors 
are shown in Figure 6.8, Figure 6.9 and Figure 6.10.  
 
 
 
Dynamic response of the sensor for mercury  
vapours and humidity (0 g/m3) at 89 °C  
Dynamic response of the sensor for mercury 
vapours and humidity (L) at 89 °C 
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Dynamic response of the sensor for mercury vapours and humidity (M) at 89 °C 
 
Figure 6.8 The dynamic response of the sensor towards mercury vapours and humidity at 
89 °C for modified and non-modified sensors.  
 
 
 
 
Dynamic response of the sensor for mercury  
vapours and humidity (0 g/m3) at 75 °C 
Dynamic response of the sensor for mercury  
vapours and humidity (L) at 75 °C 
  
Dynamic response of the sensor for mercury  
vapours and humidity (M) at 75 °C 
Dynamic response of the sensor for mercury  
vapours and humidity (H) at 75 °C 
 
Figure 6.9 The dynamic response of the sensor towards mercury vapours and humidity at 
75 °C for modified and non-modified sensors.  
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Dynamic response of the sensor for mercury  
vapours and humidity (0 g/m3) at 54.2 °C 
Dynamic response of the sensor for mercury  
vapours and humidity (L) at 54.2 °C 
 
 
Dynamic response of the sensor for mercury  
vapours and humidity (M) at 54.2 °C 
Dynamic response of the sensor for mercury  
vapours and humidity (H) at 54.2 °C 
 
Figure 6.10 The dynamic response of the sensor towards mercury vapours and humidity 
at 54.2 °C for modified and non-modified sensors.  
 
 
For all mercury concentrations and humidity concentrations, response was large at low 
temperatures and small at high temperatures. For high mercury concentrations at low 
temperatures: the observed response magnitude was larger at lower temperatures         
(for instance at 40 °C the frequency shift was 350 Hz for 10.55 mg/m3 of mercury and 
nearly same for all concentrations of humidity as shown in Figure 6.11). However, for 
these temperatures, at low level of mercury concentrations, response decreased 
dramatically (for instance at 40 °C the frequency shift was 100 Hz for 1.02 mg/m3 of 
mercury and nearly the similar for all concentrations of humidity).  
 
At the lowest concentrations of mercury exposure (1.02 mg/m3) and all concentrations of 
humidity, frequency shifts were almost same for all temperatures. However, at high 
concentrations of the mercury exposure (10.55 mg/m3) the response magnitude rapidly 
increased with the decrease of temperature: from 230 to 350 Hz when temperature 
decreased from 89 to 40 °C.  
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At 89 and 75 °C humidity interference was marginal for the non-modified sensor. 
However, at 55 °C the humidity interference in the response was quite discernable.  
 
At mercury concentrations of 1.02, 1.87 and 3.65 mg/m3 and different humidity 
concentrations of L, M and H the interference was marginal for all temperatures. As can 
be seen, the effect of interferant in the response increases as the mercury and humidity 
concentrations increase as shown in Figure 6.11. 
 
 
Figure 6.11 Frequency shift vs. mercury concentration of the non-modified sensor at 
different temperatures. 
 
 
Figure 6.12 shows the modified sensor with gold coated nanostructured MoO3 surface 
response towards different concentrations of mercury and different humidity 
concentrations. For all mercury concentrations, response was large at low temperatures 
and small at high temperatures.   
 
For high mercury concentrations and all humidity concentrations at low temperatures: the 
observed response magnitude was relatively large (for instance at 40 °C the frequency 
shift was 750 Hz for 10.55 mg/m3). However, for these temperatures at low level of 
mercury concentrations response decreased dramatically (for instance at 40 °C the 
frequency shift was 150 Hz for 1.02 mg/m3).  
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At the lowest concentrations of mercury exposure (1.02 mg/m3) and all humidity 
concentrations, response was almost similar for all temperatures. However, at high 
concentrations of the mercury exposure (10.55 mg/m3) the frequency shift rapidly 
increased with the decrease of temperature: from 400 to 800 Hz when temperature 
decreased from 89 to 40 °C.  
 
As can be seen, the frequency shift has increased for the modified sensor due to the 
increase of the surface to volume ratio. This increased response was seen at all exposure 
mercury concentrations with all humidity concentrations and for all temperatures.  
 
At 40 °C the response was 760 and 150 Hz for 10.55 and 1.02 mg/m3 concentrations 
comparing to the non modified sensors which showed only 350 and 90 Hz frequency 
shifts. This is an increase of 117% and 67% in response for these two different 
concentrations, respectively. 
 
At the maximum operating temperature of 89 °C, the frequency shifts were 450 and 
130 Hz for 10.55 and 1.02 mg/m3 concentrations, respectively, comparing to the            
non-modified sensors which showed only 240 and 90 Hz frequency shifts. These are 87% 
and 44% increase of in response for the two different concentrations. 
 
For all humidity concentrations of L, M and H and mercury concentrations of 1.02 and 
1.87 mg/m3 the interference of humidity on device is marginal for almost all temperatures. 
At 89 and 75 °C and at all mercury and humidity concentrations the interference is 
negligible. For temperatures less than 55 °C the humidity interference is marginally 
observed for all mercury and humidity concentrations. 
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Figure 6.12 Frequency shift vs. mercury concentration of the modified sensor at different 
temperatures. 
 
6.3.3 Sensor response upon mercury and ammonia exposure 
 
The testing included exposures to other interferant gas such as ammonia. Comparison of 
commercial (non-modified) and MoO3 templated (modified) sensors are shown in       
Figure 6.13, Figure 6.14 and Figure 6.15 at different temperatures. Sensors were exposed 
to mixtures of ammonia and mercury. Dynamic response of the sensors upon exposure to 
different ammonia and mercury concentrations were observed at different temperatures 
(87, 74, 54 °C – suggested industry temperatures). The different ammonia concentrations 
(L = 847, M = 1694 and H = 2541 ppm) was while exposing to different mercury 
concentrations (1.02, 1.87, 3.65, 5.70, and 10.55 mg/m3). The temperature was 
decreased from high temperature to low in order to assure the stability of the 
measurements. 
 
 
 
 
 
126 
For all interference levels of ammonia the effect on sensors is approximately zero. 
Reaching the base line in the same duration of the desorption cycle. The response is 
larger for the modified sensor with no interference effect of ammonia at 87 °C.   
 
 
 
Dynamic response of the sensor for mercury 
vapour at 87 °C 
Dynamic response of the sensor for mercury  
vapour and ammonia (L) at 87 °C 
 
 
Dynamic response of the sensor for mercury  
vapours and ammonia (M) at 87 °C 
Dynamic response of the sensor for mercury  
vapours and ammonia (H) at 87 °C 
 
Figure 6.13 The dynamic response of the sensor towards mercury and ammonia at 87 °C 
for modified and non-modified sensors. 
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At 74 °C for all ammonia concentrations the interference effect was negligible at all 
mercury concentrations except for high concentrations of mercury for low operating 
temperatures. 
 
 
 
Dynamic response of the sensor for mercury 
vapours at 74 °C 
Dynamic response of the sensor for mercury  
vapours and ammonia (L) at 74 °C 
 
 
Dynamic response of the sensor for mercury  
vapour and ammonia (M) at 74 °C 
Dynamic response of the sensor for mercury  
vapour and ammonia (H) at 74 °C 
 
Figure 6.14 The dynamic response of the sensor towards mercury and ammonia at 74 °C 
for modified and non-modified sensors. 
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For temperatures lower than 54 °C the interference effect of ammonia concentration was 
more than higher temperatures for all the mercury concentrations and frequency shifts 
were more at all high temperature operations. 
 
 
 
Dynamic response of the sensor for mercury  
vapour at 54 °C 
Dynamic response of the sensor for mercury  
vapour and ammonia (L) at 54 °C 
 
Dynamic response of the sensor for mercury  
vapour and ammonia (M) at 54 °C 
Dynamic response of the sensor for mercury  
vapour and ammonia (H) at 54 °C 
 
Figure 6.15 The dynamic response of the sensor towards mercury and ammonia at 54 °C 
for modified and non-modified sensors. 
 
 
Figure 6.16 shows the non modified sensor response towards a mixture of different 
concentrations of ammonia and different concentrations of mercury vapours at various 
temperatures. For all mercury and ammonia concentrations, response was large at low 
temperatures and small at high temperatures. 
 
For high mercury concentrations and all ammonia concentrations and at low 
temperatures: the observed response magnitude was larger (for instance at 40 °C the 
frequency shift was 250 Hz for 10.55 mg/m3 of mercury). However, for these temperatures 
at low level of mercury concentrations, response decreased dramatically (for instance at 
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40 °C the frequency shift was 50 Hz for 1.02 mg/m3 of mercury which was nearly the 
same for all concentrations of ammonia).  
 
At the lowest concentrations of mercury exposure (1.02 mg/m3) and all concentrations of 
ammonia, interference was insignificant for all temperatures. However, at high 
concentrations of the mercury exposure (10.55 mg/m3) the response magnitude 
marginally increased with the decrease of temperature: from 275 to 300 Hz when 
temperature decreased from 89 to 40 °C.  
 
For mercury concentrations of 1.02, 1.87 and 3.65 mg/m3 and at different ammonia 
concentrations of L, M and H the interference was marginal at all temperatures. The 
interference increased as the mercury and ammonia concentrations increased. At 89 and 
75 °C ammonia interference was marginal for the non-modified sensor. At 55 and 40 °C 
the ammonia interference was significant. 
 
 
Figure 6.16 Frequency shift vs. mercury concentration of the non-modified sensor at 
different temperatures. 
 
 
Figure 6.17 shows the modified sensor with gold coated nanostructured MoO3 surface 
response towards different concentrations of mercury and different ammonia 
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concentrations. For all mercury concentrations, response was large at low and small at 
high temperatures.   
 
For high mercury concentrations and all ammonia concentrations at low temperatures the 
observed response magnitude was relatively large (for instance at 40 °C the frequency 
shift was 700 Hz for 10.55 mg/m3). However, for these temperatures at low level of 
mercury concentrations response decreased dramatically (for instance at 40 °C the 
frequency shift was 80 Hz for 1.02 mg/m3).  
 
At the lowest concentrations of mercury exposure (1.02 mg/m3) and all ammonia 
concentrations, response was almost similar for all temperatures. However, at high 
temperatures and at high concentrations of the mercury exposure and all ammonia 
concentrations the frequency shift was similar and the interference of ammonia on the 
device was negligible.  
 
At 40 °C the response was 760 and 90 Hz for 10.55 and 1.02 mg/m3 concentrations for 
the modified sensor comparing to the non-modified sensor which showed only 320 and 
60 Hz frequency shifts. This is an increase of 138% and 50% in response for these two 
different concentrations, respectively. 
 
At the maximum operating temperature of 89 °C, the frequency shifts were 400 and 90 Hz 
for 10.55 and 1.02 mg/m3 concentrations, respectively, comparing to the non-modified 
sensors which only showed 220 and 70 Hz frequency shifts. These are 82% and 28% 
increase of in response for the two different concentrations. 
 
For all ammonia concentrations of L, M and H and mercury concentrations of 1.02 and 
1.87 mg/m3 the interference of ammonia on device is negligible for almost all 
temperatures. At 89 and 75 °C and at all mercury and humidity concentrations the 
interference is almost non existence. For temperatures less than 55 °C, the ammonia 
interference observed was high for all mercury and interference increased with the 
increase in ammonia concentrations. 
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Figure 6.17 Frequency shift vs. mercury concentration of modified sensor at different 
temperatures. 
 
6.3.4 Sensor response to mercury exposure in the presence of humidity 
and ammonia 
 
Sensors were exposed to mercury in the presence of ammonia and humidity to simulate 
the real industrial conditions. Comparison of commercial (non-modified) and MoO3 
templated (modified) sensors are shown in Figure 6.18. Sensors were tested at 89 °C 
(industry condition) and different mercury concentrations (1.02, 1.87, 3.65, 5.70, and 
10.55 mg/m3), a set humidity concentration (L = 5.7 g/m3 – industry condition) and various 
ammonia concentrations (L = 847, M = 1694 and H = 2541 ppm).  
 
132 
 
Figure 6.18 Dynamic response of the sensor at 89 °C at different mercury concentrations 
and different concentrations of humidity and ammonia. 
 
 
Figure 6.19 shows the dynamic response of the sensors upon exposure to different 
ammonia, mercury and humidity concentrations at 89 °C in separate graphs.  
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Dynamic response of the sensor for mercury  
vapours at 89 °C 
Dynamic response of the sensor for mercury  
vapours, humidity (L) and ammonia (L) at 89 °C 
 
Dynamic response of the sensor for mercury  
vapours, humidity (L) and ammonia (M) at 
89 °C 
Dynamic response of the sensor for mercury  
vapours, humidity (L) and ammonia (H) at 89 °C 
 
Figure 6.19 The dynamic response of the sensor towards mercury, humidity and 
ammonia at 89 °C temperatures for modified and non-modified sensors. 
 
 
Figure 6.20 shows the non-modified sensor response towards mixture of different 
concentrations of ammonia, humidity and different concentrations of mercury vapours at 
89 °C. For high mercury concentrations and all ammonia concentrations and humidity 
concentrations: the observed frequency shift was 220 Hz for 10.55 mg/m3 of mercury. 
However, at low level of mercury concentrations, response decreased dramatically and 
the frequency shift observed 70 Hz for 1.02 mg/m3 which were nearly the same for all 
concentrations of ammonia and humidity.  
 
For mercury concentrations of 1.02, 1.87 and 3.65 mg/m3 and at different ammonia 
concentrations of L, M and H and humidity of 5.7 g/m3 the interference effect was 
negligible. However, the interference increased marginally as the mercury, humidity and 
ammonia concentrations increased.  
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Figure 6.20 Frequency shift vs. mercury concentration of non-modified sensor at 89 °C. 
 
 
Figure 6.21 shows the modified sensor with gold coated nanostructured MoO3 surface 
response towards different concentrations of mercury, humidity and different ammonia 
concentrations.  
 
For high mercury concentrations and all ammonia concentrations and humidity: the 
observed response magnitude was relatively large at 89 °C and a frequency shift was 
360 Hz for 10.55 mg/m3 and at low level of mercury concentrations response decreased 
dramatically  and the frequency shift was 110 Hz for 1.02 mg/m3.  
 
At all low and high concentrations of mercury exposure (1.02 mg/m3) and all ammonia 
concentrations and humidity concentrations, response was almost similar for all 
interference level of ammonia and humidity. Nonetheless, at 89 °C temperature and at all 
concentrations of the mercury exposure and all ammonia and humidity concentrations the 
frequency shifts were almost similar and the interference of ammonia and humidity on the 
device was negligible.  
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As can be seen, the frequency shift has increased for the modified sensor due to the 
increase of the surface to volume ratio. This increased response was seen at all exposure 
mercury concentrations with all ammonia and humidity concentrations.  
 
At the maximum operating temperature of 89 °C, the frequency shifts were 360 and 90 Hz 
for 10.55 and 1.02 mg/m3 concentrations, respectively, comparing to the non-modified 
sensors which showed only 210 and 70 Hz frequency shifts. These are 72% and 29% 
increase of in response for the two different concentrations. At 89 °C and at all mercury, 
humidity and all ammonia concentrations the interference is negligible.  
 
 
Figure 6.21 Frequency shift vs. mercury concentration of the modified sensor at 89 °C. 
 
6.3.5 SEM analysis of non-modified sensor before and after testing 
 
SEM was used for examining the surface topography and film homogeneity before and 
after the exposure to mercury vapours. The SEM micrograph of the non-modified QCM 
before the exposure to mercury vapours, humidity and ammonia is shown in Figure 6.22. 
Each electrode is comprised of thermally evaporated 1000 nm thick film of gold on a 
10 nm thick Ti adhesion layer on rough quartz. From visual inspection, the surface 
consists of nano dimensional grains ranging from 10-20 nm.  
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Figure 6.22 SEM micrograph of gold surface on rough QCM (non-modified) substrate at 
500 nm scale before mercury, ammonia and humidity exposure. 
 
 
The SEM micrograph of the non-modified QCM after the 60 days of exposure to mercury 
vapours, humidity and ammonia is shown in Figure 6.23. From visual inspection, it can be 
seen that the surface has now nano grains ranging from 20-40 nm covering the gold 
electrode of the QCM. It can be seen that the nano grain size have increased due to the 
effect of mercury amalgamation with the gold grains. 
 
 
 
Figure 6.23 SEM micrograph of gold surface on rough QCM (non-modified) substrate 
after 60 days of mercury, ammonia and humidity exposure. 
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6.3.6 AFM analysis of non-modified QCM before and after testing 
 
AFM was used to measure the roughness of non-modified rough gold electrode of QCM 
before the mercury, humidity and ammonia exposure. Figure 6.24 shows that the film is 
rough. The calculated Rq and Ra values over 2 µm x 2 µm scan were approximately 20% 
higher surface area than the projected surface area.  
 
 
 
Figure 6.24 AFM micrograph of gold surface on non-modified rough QCM substrate x at 
500 nm/div scale and z at 250 nm/div scale before mercury, ammonia and humidity 
exposure. 
 
 
The AFM micrograph of the non-modified QCM after the 60 days of mercury, humidity and 
ammonia exposure is shown in Figure 6.25. The calculated Rq and Ra values over 
2 µm x 2 µm scan were approximately 12% higher surface area than the projected surface 
area. The surface roughness has been decreased after the gold surface amalgamated 
with mercury. To confirm the gold mercury amalgamation, the electrodes of the sensor 
was analysed for mercury content using ICP-MS.  
 
X
Z
Y 
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Figure 6.25 AFM micrograph of gold surface on non-modified QCM substrate: x and y at 
500 nm/div scale and z at 250 nm/div after 60 days of mercury, ammonia and humidity 
exposure. 
 
6.3.7 SEM analysis of modified QCMs with nanostructured MoO3 layer 
before and after sensing 
 
Figure 6.26 shows the SEM micrograph of the thermally evaporated MoO3 nanostructures 
on the gold electrode of rough quartz surface before the mercury, humidity and ammonia 
exposure. The nanostructures were coated with 50 nm of gold thin films using a DC 
sputterer. From the figure it can be seen that the nanostructures are comprised of 
hexagonal nanoplatelets. The layered-like structure of nanoplates is clearly observed in 
SEM micrograph. The majority of the MoO3 nanoplatelets sides are less than 250 nm with 
a thickness less than 20 nm.  
 
 
X
Z
Y 
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Figure 6.26 SEM micrograph of the MoO3 hexagonal nanoplatelets at 500 nm scale 
deposited for 30 minutes on the rough QCM substrate with 50 nm of gold layer on top, 
modified sample, before mercury, ammonia and humidity exposure. 
 
 
The SEM micrographs of the thermally evaporated MoO3 nanostructures coated with 
50 nm of gold thin film after 60 days of mercury, humidity and ammonia exposure are 
shown in Figure 6.27 and Figure 6.28. From the figures it can be seen that 20-40 nm of 
nano grains formed on the surface of nanoplatelets which are well distributed on the QCM 
surface. The change in the morphology of the surface of nanoplates was due to mercury 
amalgamation with the gold layer. Small islands (dimensions less than 50 nm) appeared 
after the test only on the horizontal plates while the vertical plates looked intact. ICP-MS 
was employed to confirm the gold mercury amalgamation. Nowakowski et al. [2] 
investigated the influence (mercury vapours on gold thin film) of the amalgamation 
process on the thin gold films. He demonstrated that gold thin films topography changed 
and resulted in nano grain gold structures.  
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Figure 6.27 SEM micrographs of the gold coated MoO3 QCM substrate after 60 days of 
mercury, ammonia and humidity exposure at 500 nm scale, showing the formation of 
gold/mercury nano grain.  
 
 
 
 
 
Figure 6.28 SEM micrographs of the gold coated MoO3 QCM substrate after 60 days of 
mercury, ammonia and humidity exposure, at different scale. 
 
6.3.8 ICP-MS analysis 
 
To confirm that an irreversible amount of mercury was in fact amalgamated on the tested 
nanostructured MoO3 templated sensor for 60 days, it was analysed for the mercury 
content. This involved digestion of the sensing layer in aqua regia and subsequent 
analysis by ICP-MS.   
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In this work, Agilent Technologies HP4500 series 300, ShieldTorch ICP-MS system was 
used as a highly sensitive and capable of the determination of a range of metals and 
several non-metals at concentrations below one part in 1012. The analysis was mass 
spectrometry method of separating and detecting the ions based on inductive coupled 
plasma as a method of producing ions.  
 
ICP-MS consists of three concentric tubes, usually made of quartz. The end of this torch is 
placed inside an induction coil supplied with a radio-frequency electric current. A flow of 
argon gas is introduced and an electrical spark is applied for a short time to introduce free 
electrons into the gas stream. These electrons interact with the radio-frequency magnetic 
field of the induction coil. The accelerated electrons collide with argon atoms, and 
sometimes a collision causes an argon atom to part with one of its electrons. The process 
continues until the rate of release of new electrons in collisions is balanced by the rate of 
recombination of electrons with argon ions. The ions from the plasma are extracted 
through a series of cones into a mass spectrometer, usually a quadrupole. The ions are 
separated on the basis of their mass-to-charge ratio and a detector receives an ion signal 
proportional to the concentration. The concentration of a sample can be determined 
through calibration with elemental standards [3].  
 
The mass change calculated from the ICP-MS results showing that the MoO3 samples 
retain a large proportion of the adsorbed mercury content after the exposure of mercury 
vapours. A total mass of 2.5 µg mercury was detected on the tested sensor.  
 
6.3.9 Sensor degradation 
 
The sensors responses towards mercury showed degradation (decrease in sensitivity and 
response magnitude) in time during the testing process. It was observed that the majority 
of sensitivity decrease occurred in the first 17 days of the test. The sensors responses 
were much more stable after these initial 17 days. However, they showed minor gradual 
degradation in the continuation of test.  
 
The degradation in responses of the modified and non modified sensors is presented in 
Figure 6.29. 
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Figure 6.29 Degradation in the sensors responses in time. 
 
6.4 Sensing results of gold coated nanoporous TiO2 electrodes  
 
Nanoporous TiO2 featured QCM were also tested towards mercury and interferant gases. 
Each pulse sequence (1, 2, 3, 4, 5) as shown in Figure 6.31 comprised of one hour 
exposure periods of mercury vapour balanced in pure nitrogen, using a continuous flow of 
200 sccm. The time delay between the final pulse of mercury concentration at each 
temperature and the decrease of temperature for the next batch of pulses was 4 hours. 
The responses were plotted in terms of the ratio of the sensor frequency to the reference 
frequency vs. time.  
 
As can be seen in Figure 6.31, the QCM never reaches its original base line. The 
decrease in frequency is in proportion to the added mass absorbed by the thin film 
(amalgamation of mercury vapour with the gold sensing layer). The frequency shift 
increases at low temperatures in response to the mechanical stiffening (amalgamation) of 
the film caused by the mercury interaction. 
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Tests were carried out using the 10 and 20 nm of top gold films deposited on the QCMs 
sensor. The response of the sensor that was prepared using 10 nm thin gold layer was 
significantly lower indicating that the surface sensitivity was lower.  
 
For all film thicknesses and all sensors with different types of modification, one common 
phenomenon was seen: decrease in frequency shift at high temperatures. At low 
temperatures less than 55 °C, except 27 °C and high mercury concentrations, the 
increase in frequency shift response was noticed. All films responded with increasing their 
operational frequencies for all temperatures tested. This phenomenon can be caused by 
amalgamated mercury. To confirm that an irreversible amount of mercury was in fact 
deposited on the sensor the used sensor was analysed for mercury content by ICP-MS 
similar to the MoO3 templated sensors.  
 
6.4.1 Scattering parameter 
 
Similar to MoO3 analysis, a network analyser was employed to investigate the frequency 
shift and Q of the QCMs with nanoporous TiO2 upon the deposition of each layer. For this 
analysis, TiO2 nanoporous layers were formed on both sides of QCMs with the 
parameters that were previously described in Chapter 5. 
 
Figure 6.30 shows the shift in the scattering parameter, S11, that was obtained using a 
network analyser (Agilent E5071B). For briefness, the scattering characteristics 
measurement for the sample anodized at 10 V for 10 minutes are shown. Response 1 
shows that the blank quartz crystal with Ti electrodes which has a Q factor of 
approximately 10,000 and a resonance frequency of 9.8650 MHz. Response 2 shows 
resonance frequency and Q factor of approximately 9550 after the anodization of both 
sides of the QCM’s electrodes. Response 3 shows the Q factor (approximately 9350) and 
resonance frequency after sputtering of approximately 10 nm thin layer of gold on the top 
of both sides of nanofeatured TiO2 QCM’s electrode and response 4 shows the response 
after the 30 days of mercury, humidity and ammonia testing. From the network analyser 
measurements in Figure 6.30, it can be seen that the Q factor decreased with the 
anodization, gold layer on the QCM and after the mercury testing. A decrease in the Q 
factor shows that the anodization, deposition of layers and testing with mercury 
deteriorated the piezoelectric properties of QCM and also increased the roughness of the 
surface.  
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From the network analyser response, it can be observed that there was a shift of 
approximately 25,000 Hz in the resonance frequency of the QCM after the anodization of 
Ti electrodes. The increase in the resonance frequency can be explained by the 
Sauerbrey behaviour of QCM sensors due to the removed mass due to the anodization 
process which etches the surface.  
 
A frequency shift of approximately 9500 Hz was observed after the deposition of 
approximately 10 nm of gold on the top of one sides of the anodized nanoporous TiO2 
electrodes. A frequency shift of approximately 2500 Hz was observed after the device was 
exposed for 30 days to mercury, humidity and ammonia. The decrease in resonance 
frequency can be explained by the Sauerbrey behaviour of QCM sensors due to the 
added mass. 
 
Based on the calculation using the Sauerbrey equation, the frequency shift of a blank 
quartz crystal after the addition of a 10 nm gold film on one side of QCM electrode should 
be approximately 4369 Hz. However, a 9500 Hz frequency shift was observed. The extra 
5131 Hz frequency shift can be attributed to the TiO2 featured nanopores. The frequency 
shift of gold coated TiO2 nanopores was approximately 2.17 times larger than a blank 
crystal which is due to the increased surface to volume ratio. 
 
Figure 6.30 Scattering parameter, S11, of the QCM with nanoporous TiO2. 
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6.4.2 Sensor response during mercury exposure 
 
Different samples (19, 16, 15, and 13) are shown in Figure 6.31, anodized at different 
voltages, tested for mercury vapours, humidity and ammonia. Sample 19 was not 
anodized sample and used as control sample. Sample 16 was anodized at voltage 10 V, 
10 minutes, Sample 15 was anodized at voltage 15 V, 10 minutes, and Sample 13 was 
anodized at voltage 20 V, 10 minutes. Comparison of control (non-modified) and TiO2 
templated (modified) sensors are shown in Figure 6.31. Sensors were tested at different 
temperatures (130, 114, 102, 89, 78, 69, 59, 54, 27 °C) and different mercury 
concentrations (1.02, 1.87, 3.65, 5.70, and 10.55 mg/m3). In the process, temperature was 
decreased from high magnitudes to low in order to assess the stability of the 
measurements. 
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Dynamic response of sensors: 114-89 °C. 
 
 
Dynamic response of sensors: 78-59 °C. 
 
Figure 6.31 Dynamic response of the sensors: different temperatures and different 
mercury concentrations. 
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Figure 6.32 shows the non-modified sensor response towards different concentrations of 
mercury vapour at different temperatures. For all mercury concentrations, response was 
large at low temperatures and small at high temperatures.   
 
For high mercury concentrations at low temperatures: the observed response magnitude 
was larger at lower temperatures (for instance at 27 °C the frequency shift was 675 Hz for 
10.55 mg/m3). However, for these temperatures at low level of mercury concentrations 
response decreased dramatically (for instance at 27 °C the frequency shift was 75 Hz for 
1.02 mg/m3).  
 
At the lowest concentrations of mercury exposure (1.02 mg/m3), response was constant at 
all temperatures. Nevertheless, at high concentrations of the mercury exposure 
(10.55 mg/m3) the response magnitude rapidly increased with the decrease of 
temperature: from 75 to 675 Hz when temperature decreased from 130 to 27 °C.  
 
 
Figure 6.32 Frequency shift vs. mercury concentration of non-modified sensor at different 
temperatures, the response is in hertz. 
 
Figure 6.33, Figure 6.34 and Figure 6.35 show the modified sensor with gold coated 
nanoporous TiO2 surface response towards different concentrations of mercury. For all 
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different mercury concentrations, response was large at lower temperatures and small at 
high temperatures.   
 
For high mercury concentrations at low temperatures: the observed response magnitude 
was larger at lower temperatures (for instance at 27 °C  the frequency shift was 675 Hz for 
10.55 mg/m3). However, for these temperatures at low level of mercury concentrations the 
response significantly decreased (for instance at 27 °C the frequency shift was 125 Hz for 
1.02 mg/m3).  
 
At the lowest concentrations of mercury exposure (1.02 mg/m3), response was almost 
constant at a wide range of temperatures. However, at high mercury concentrations 
(10.55 mg/m3) the response magnitude rapidly increased with the decrease of 
temperature: from 200 to 675 Hz when temperature decreased from 130 to 27 °C.  
 
As can be seen, the frequency shift has increased for the modified sensor due to the 
increase of the surface to volume ratio. 
 
This increased response was seen at all exposure mercury concentrations (except for the 
high concentration of 10.55 mg/m3 and at low temperature) and for all temperatures. At 
27 °C the response was 660 and 130 Hz for 10.55 and 1.02 mg/m3 concentrations 
comparing to the non-modified sensors which showed only 675 and 75 Hz frequency 
shifts. This is an increase of approximately 0% (no increase) and 74% in response for 
these two different concentrations respectively. 
 
At the maximum operating temperature of 130 °C, the response was 660 and 200 Hz for 
10.55 and 1.02 mg/m3 concentrations comparing to the non-modified sensors which 
showed only 675 and 140 Hz frequency shifts, respectively. While there is almost no 
increase in response for exposure to 10.55 mg/m3 there is an increase of approximately 
43% in response when concentration is 1.02 mg/m3. 
 
Similar responses were observed for all samples (13, 16) which are shown in Figure 6.34 
and Figure 6.35. 
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Figure 6.33 Frequency shift vs. mercury concentration of the modified sensor at different 
temperature, anodized at 15 V. 
 
 
Figure 6.34 Frequency shift vs. mercury concentration of the modified sensor at different 
temperature, anodized at 20 V. 
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Figure 6.35 Frequency shift vs. mercury concentration of the modified sensor at different 
temperature, anodized at 10 V. 
 
 
A set of measurements were carried out to compare the modified and non-modified 
sensors responses. For briefness, the response and recovery curves for the sample 
anodized at 10 V for 10 minutes were extracted and shown. As can be seen in the 90% 
response time vs. temperature curve which is presented in Figure 6.36 (for mercury 
concentration of 5.7 mg/m3), both sensors are faster at elevated temperatures. The 
modified sensor responded faster than the non-modified sensor and responded in a 
similar way. The fastest response was observed at 130 °C. The response for 
temperatures less than 45 °C was quite long (more than 30 minutes) as the mercury 
amalgamation with gold is much slower at low temperatures. Figure 6.37 present the 90% 
recovery time vs. temperature and as can be seen in the 60-100 °C range the modified 
sensor is faster. However, the non-modified sensor is faster at temperatures 
above 100 °C. 
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Figure 6.36 Response time vs. temperature for modified and non-modified sensors 
(at 5.7 mg/m3 concentration). 
 
 
Figure 6.37 Recovery time vs. temperature for modified and non-modified sensors 
(at 5.7 mg/m3 concentration). 
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For comparison the dynamic responses of modified and non-modified sensors for different 
mercury concentrations (1.02, 1.87, 3.65, 5.70, and 10.55 mg/m3) at different 
temperatures (130, 114, 102, 89, 78, 69, 59, 54, 27 °C) are shown in Figure 6.38.  
 
 
 
Dynamic response of the sensor for mercury 
vapours at 130 °C 
Dynamic response of the sensor for mercury 
vapours at 114 °C 
 
 
Dynamic response of the sensor for mercury 
vapours at 102 °C 
Dynamic response of the sensor for mercury 
vapours at 89 °C 
 
 
Dynamic response of the sensor for mercury 
vapours at 78 °C 
Dynamic response of the sensor for mercury 
vapours at 69 °C 
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Dynamic response of the sensor for mercury 
vapours at 59 °C 
Dynamic response of the sensor for mercury 
vapours at 54 °C 
 
Dynamic response of the sensor for mercury vapours at 27 °C 
 
Figure 6.38 The dynamic response of the sensor towards mercury at different 
temperatures for modified and non-modified sensors. 
 
 
Reproducibility 
 
Figure 6.39 shows the reproducibility of the devices operating at 89 °C (the industrial 
condition), which were anodized at different conditions (samples 19, 16, 15, 13) when the 
sensors were repeatedly exposed to various mercury concentrations. At this operating 
temperature, the response and recovery of the sensors to mercury appear to be highly 
repeatable. 
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Figure 6.39 Dynamic response of the sensors operating at 89 °C. 
 
6.4.3 Sensor response during mercury exposure in the presence of 
humidity 
 
Sensor responses during mercury exposure in the presence of humidity were studied. 
Comparison of control sensor (non-modified, sample 19) and TiO2 templated (modified) 
sensors (13, 15, and 16) are shown in Figure 6.40. Sensors were tested at 89 °C 
(industrial condition), different mercury concentrations (1.02, 1.87, 3.65, 5.70, and 
10.55 mg/m3) and humidity concentrations (L = 5.7, M= 7.6 and H = 10.4 g/m3).  
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Figure 6.40 Dynamic response of the sensor at 89 °C at different mercury concentrations 
and different concentration of humidity.  
 
 
For these tests, only a selected number of temperatures were chosen due to the industrial 
requirements. The humidity concentration was varied (L = 5.7, M= 7.6 and H = 10.4 g/m3) 
while sensors were exposed to different mercury concentrations (1.02, 1.87, 3.65, 5.70, 
and 10.55 mg/m3). Comparison of sensors responses are shown in Figure 6.41. 
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Dynamic response of the sensor for mercury 
vapours and humidity (L) at 89 °C 
Dynamic response of the sensor for mercury 
vapours and humidity (M) at 89 °C 
 
Dynamic response of the sensor for mercury vapours and humidity (H) at 89 °C 
 
Figure 6.41 Dynamic response of the TiO2 templated sensors towards mercury and 
humidity at 89 °C for non-modified and modified devices. 
 
 
Figure 6.42 shows the non-modified sensor response towards different concentrations of 
mercury vapours at 89 °C for different humidity concentrations (H0 = 0, L = H50 = 5.7, 
M = H100 = 7.6 and H = H150 = 10.4 g/m3).  
 
For high mercury concentrations and all humidity concentrations: the observed frequency 
shift was 170 Hz for 10.55 mg/m3 of mercury. However, at low levels of mercury 
concentrations, response decreased and the frequency shift of 70 Hz for 1.02 mg/m3 was 
observed and was nearly the same for all concentrations of humidity. For all mercury 
concentrations and different humidity concentrations of L, M and H the interference was 
negligible.  
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Figure 6.42 Frequency shift vs. mercury concentration at different humidity concentration 
of non-modified sensor at 89 °C, device 19. 
 
 
Figure 6.43, Figure 6.44 and Figure 6.45 show the modified sensors (samples 13, 15 and 
16) with gold coated TiO2 nanoporous (modified) sensors. Sensors responses towards 
different concentrations of mercury and humidity are shown in Figure 6.43, Figure 6.44 
and Figure 6.45. For high mercury concentrations and humidity: the observed response 
magnitude was relatively large at 89 °C the frequency shift was approximately 250 Hz for 
10.55 mg/m3 and at low level of mercury concentrations response decreased and the 
frequency shift was approximately 100 Hz for 1.02 mg/m3.  
 
At all low and high concentrations of mercury exposure and all humidity concentrations, 
frequency shifts were almost similar for all interference level of humidity. At all 
concentrations of the mercury exposure and all level of humidity concentrations the 
interference of humidity on the response was negligible.  
 
As can be seen, the frequency shift has increased for the modified sensor due to the 
increase of the surface to volume ratio. This increased response was seen at all mercury 
concentrations with all humidity concentrations.  
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The responses were 250 and 100 Hz for 10.55 and 1.02 mg/m3 concentrations comparing 
to the non-modified sensors which showed only 170 and 70 Hz frequency shifts, 
respectively, which is an increase of 48% and 43% in response for these two different 
concentrations. The results show that at operating temperature of 89 °C, the interference 
of humidity with different concentrations was negligible.  
 
 
 
Figure 6.43 Frequency shift vs. mercury concentration at different humidity concentration 
of non-modified sensor at 89 °C, sample 15. 
 
 
Similar responses were observed for all samples (13, 16) which are shown in Figure 6.44 
and Figure 6.45. 
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Figure 6.44 Frequency shift vs. mercury concentration at different humidity concentration 
of non-modified sensor at 89 °C, sample 13. 
 
 
Figure 6.45 Frequency shift vs. mercury concentration at different humidity concentration 
of non-modified sensor at 89 °C, sample 16. 
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6.4.4 Sensor response during mercury and ammonia exposure 
 
Comparison of non-modified sensor (19) and modified (TiO2 templated) sensors 
(13, 15, and 16) are shown in Figure 6.46. Sensors were tested with different mercury 
concentrations (1.02, 1.87, 3.65, 5.70, and 10.55 mg/m3) and different ammonia 
concentrations (L = 847, M = 1694 and H = 2541 ppm) at 89 °C (industrial condition). 
 
 
Figure 6.46 Dynamic response of the sensor at 89 °C at different mercury and ammonia 
concentrations.  
 
 
Comparison of non-modified sensor (19) and modified sensors (13, 15, 16) were exposed 
to interferant such as ammonia and dynamic response of the sensors with different 
ammonia and mercury concentrations were observed at 89 °C. The ammonia 
concentration was varied (L = 847, M= 1694 and H = 2541 ppm) while sensors were 
exposed to different mercury concentrations (1.02, 1.87, 3.65, 5.70, and 10.55 mg/m3). 
Comparisons of sensors’ responses at different concentration of ammonia are presented 
in Figure 6.47. 
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Dynamic response of the sensor for mercury 
vapours and ammonia (L) at 89 °C 
Dynamic response of the sensor for mercury 
vapours and ammonia (M) at 89 °C 
 
Dynamic response of the sensor for mercury vapours and ammonia (H) at 89 °C 
 
Figure 6.47 The dynamic response of the sensor towards mercury in the presence of 
ammonia at 89 °C for non-modified and modified sensors. 
 
 
Figure 6.48 shows the non-modified sensor frequency shift vs. different concentrations of 
mercury vapours at 89 °C temperature at different ammonia concentrations (N0 = 0, 
L = N50 = 847, M = N100 = 1694 and H = N150 = 2541 ppm).  
 
For high mercury concentrations and all ammonia concentrations: the observed frequency 
shift was 170 Hz at 10.55 mg/m3 of mercury. However, at low level of mercury 
concentrations, response decreased and the frequency shift observed was 70 Hz for 
1.02 mg/m3 which were nearly similar for all concentrations of ammonia. At all 
concentrations of the mercury exposure and all level of ammonia concentrations the 
interference of ammonia on the response was negligible.  
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Figure 6.48 Frequency shift vs. mercury concentration at different ammonia concentration 
of non-modified sensor at 89 °C, sample 19. 
 
 
Figure 6.49, Figure 6.50 and Figure 6.51 show the modified sensors (samples 13, 15 and 
16) with gold coated TiO2 nanoporous sensors. Sensors responses towards different 
concentrations of mercury and ammonia are shown in Figure 6.49, Figure 6.50 and 
Figure 6.51.  
 
For all samples at high mercury concentrations and ammonia: the observed response 
magnitude was relatively large at 89 °C the frequency shift was approximately 250 Hz for 
10.55 mg/m3 and at low level of mercury concentrations response decreased and the 
frequency shift was approximately 100 Hz for 1.02 mg/m3.  
 
At all low and high concentrations of mercury exposure and all ammonia concentrations, 
frequency shift was almost similar for all interference levels of ammonia. At all 
concentrations of the mercury exposure and all different levels of ammonia concentrations 
the interference of ammonia on the device was negligible.  
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As can be seen, the frequency shift has increased for the modified sensor due to the 
increase of the surface to volume ratio. This increased in response was seen at all 
exposure mercury concentrations with all ammonia concentrations. 
  
The responses were 250 and 110 Hz for 10.55 and 1.02 mg/m3 concentrations comparing 
to the non-modified sensors which showed only 170 and 70 Hz frequency shifts, 
respectively. This is an increase of 48% and 58% in response for these two different 
concentrations. The results show that at the operating temperature of 89 °C, the 
interference of ammonia with different concentrations was negligible.  
 
 
Figure 6.49 Frequency shift vs. mercury concentration at different ammonia 
concentrations of non-modified sensor at 89 °C, sample 15. 
 
 
Similar responses were observed for all samples (13, 16) which are shown in Figure 6.50 
and Figure 6.51. 
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Figure 6.50 Frequency shift vs. mercury concentration at different ammonia 
concentrations of non-modified sensor at 89 °C, sample 13. 
 
 
Figure 6.51 Frequency shift vs. mercury concentration at different ammonia 
concentrations of non-modified sensor at 89 °C, sample 16. 
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6.4.5 Sensor response during mercury exposure, humidity and ammonia 
 
Comparison of non-modified sensor (19) and modified sensors (13, 15, and 16) are shown 
in Figure 6.52. Sensors were tested upon exposure to different mercury concentrations 
(1.02, 1.87, 3.65, 5.70, and 10.55 mg/m3), humidity concentrations (L = 5.7, M = 7.6 and 
H = 10.4 g/m3) and ammonia concentrations (L = 847, M = 1694 and H = 2541 ppm at 
89 °C. The humidity and ammonia concentrations were varied while sensors were 
exposed to different mercury concentrations (1.02, 1.87, 3.65, 5.70 and 10.55 mg/m3).  
 
 
Figure 6.52 Dynamic response of the sensor with different mercury, humidity and 
ammonia concentrations at 89 °C. 
 
 
Figure 6.53 shows the dynamic response of the sensors when they exposed to different 
ammonia, humidity and mercury concentrations at 89 °C in separate graphs.  
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Dynamic response of the sensor for mercury 
vapours at humidity (L) and ammonia (L) at 89 °C 
Dynamic response of the sensor for mercury 
vapours at humidity (M) and ammonia (L) at 
89 °C 
 
Dynamic response of the sensor for mercury vapours at humidity (M) and ammonia (M) at 89 °C 
 
Figure 6.53 Dynamic responses of the non-modified and modified sensors towards 
mercury, humidity and ammonia at 89 °C. 
 
 
Figure 6.54 shows the non-modified sensor response towards different concentrations of 
mercury vapours at 89 °C for different humidity concentrations (H0 = 0, L = H50 = 5.7, 
M = H100 = 7.6 and H = H150 = 10.4 g/m3) and different ammonia concentrations 
(N0 = 0, L = N50 = 847, M = N100 = 1694 and H = N150 = 2541 ppm). 
 
For high mercury concentrations and all humidity and ammonia concentrations: the 
observed frequency shift was 160 Hz for 10.55 mg/m3 of mercury concentration. However, 
at low level of mercury concentrations the frequency shift observed 70 Hz for 1.02 mg/m3 
which were nearly the similar for all concentrations of humidity and ammonia. At all 
concentrations of the mercury exposure and all level of humidity and ammonia 
concentrations the interference of humidity and ammonia on the response was negligible. 
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Figure 6.54 Frequency shift vs. mercury concentration at different humidity and different 
ammonia concentration of non-modified sensor at 89 °C, sample 19. 
 
 
Sensor responses of modified sensors (13, 15, and 16) towards different concentrations of 
mercury, humidity and ammonia are shown in Figure 6.55, Figure 6.56 and Figure 6.57. 
For high concentrations of mercury, humidity and ammonia: the observed response 
magnitude was approximately 250 Hz for 10.55 mg/m3 and at low level of mercury 
concentrations frequency shift observed was approximately 100 Hz for 1.02 mg/m3.  
 
For all modified samples, at all low and high concentrations of mercury exposure and all 
humidity and ammonia concentrations, frequency shift was almost similar for all 
interference level of humidity and ammonia. At all concentrations of the mercury exposure 
and all different levels of humidity and ammonia concentrations the frequency shift was 
similar and the interference of mixture of humidity and ammonia on the device was 
negligible.  
 
As can be seen, the frequency shift increased for the modified sensor due to the increase 
of the surface to volume ratio. This increased response was seen at all exposure mercury 
concentrations with all humidity and ammonia concentrations. In comparison with the non-
modified sensor, an increase of 51% and 58% in response for 10.55 and 1.02 mg/m3 
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concentrations was observed. The results show that at operating temperature of 89 °C, 
the interference of humidity and ammonia with different concentrations was negligible.  
 
Figure 6.55 Frequency shift vs. mercury concentration at different humidity and different 
ammonia concentration of non-modified sensor at 89 °C, sample 15. 
 
 
Similar response was observed for sample 13 which is shown in Figure 6.56. However, for 
sample 16 (Figure 6.57) the interference of humidity and ammonia at different mercury 
concentrations was not negligible. 
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Figure 6.56 Frequency shift vs. mercury concentration at different humidity and different 
ammonia concentration of non-modified sensor at 89 °C, sample 13. 
 
 
Figure 6.57 Frequency shift vs. mercury concentration at different humidity and different 
ammonia concentration of non-modified sensor at 89 °C, sample 16. 
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6.4.6 SEM of non-modified sample before and after tests 
 
Figure 6.58 shows the SEM micrograph of non-modified QCM before mercury vapour, 
humidity and ammonia exposure. Each electrode was comprised of electron beam 
evaporated 200 nm thick film of Au on a 10 nm thick Ti adhesion layer on polished quartz. 
From visual inspection, the surface consists of nano grains ranging from 50-120 nm 
covering the gold electrode of the QCM.  
 
 
 
Figure 6.58 SEM micrograph of gold surface on polished QCM substrate at 1 µm scale, 
E-beam evaporated, before mercury vapour, humidity and ammonia exposure.  
 
 
Figure 6.59 shows the SEM micrograph of non-modified QCM after 30 days of mercury 
vapour, humidity and ammonia exposure. From visual inspection the surface consists of 
nano grains ranging from 100-150 nm. It can be seen that the grain size were increased 
as mercury amalgamated with the gold grains during the process.  
 
171 
 
 
Figure 6.59 SEM micrograph of gold surface on polished QCM substrate, at 500 nm 
scale, after 30 days of mercury, ammonia and humidity exposure. 
 
6.4.7 SEM of gold coated nanoporous TiO2 electrodes before and after 
tests 
 
Figure 6.60 shows the SEM micrograph of a gold coated (20 nm) titanium porous film 
before mercury vapour, humidity and ammonia exposure which was anodized at 10 V for 
10 minutes. Pore diameters of less than 25 nm were observed. Pores were homogenously 
distributed throughout the sample. Inter-pore distances of 30-40 nm were observed. As 
can be seen, gold forms small nano-spheres of less than 10 nm in diameters covering the 
surface.  
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.  
Figure 6.60 SEM micrograph of 20 nm gold film deposited on anodized titanium porous 
film at 10 V for 10 minutes, before mercury vapour, humidity and ammonia exposure.  
 
 
Figure 6.61 and Figure 6.62 show the SEM micrographs of modified QCM after 30 days of 
mercury vapour, humidity and ammonia exposure. Small islands of amalgamated gold 
mercury were observed. Gold-mercury islands were homogenously distributed throughout 
the sample with dimensions in a range of 5-100 nm were observed. Inter-island distances 
of 5-80 nm were observed. Similar observation was also reported by Kobiela et al. [4, 5]. 
They deposited 50 nm of gold films on a glass substrate and observed that the continuous 
gold film was transformed into isolated amalgam islands after 40 hours of mercury 
interaction. 
 
 
 
Figure 6.61 SEM micrographs of 20 nm thin gold film on anodized titanium, after 30 days 
of mercury, humidity and ammonia exposure. 
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Figure 6.62 SEM micrographs of 20 nm thin gold film on anodized titanium, after 30 days 
of mercury, humidity and ammonia exposure (different scales). 
 
6.5 Conclusions  
 
In Chapter 4 it was shown that surfaces of QCM electrodes were modified using thermally 
evaporated MoO3 and TiO2 nanostructures to obtain large surface area sensitive layers. 
Surfaces then covered with a thin layer of Au to form the mercury sensitive layer.  
 
In case of MoO3: The performance of 50 nm gold coated nanostructured MoO3 QCM was 
investigated. Sensor responses to mercury exposure with and without the presence of 
humidity and ammonia were measured at different temperatures. In comparison with non-
modified QCM, at room temperature (27 °C) increase of 138% and 84% in response was 
observed at 10.55 and 1.02 mg/m3 Hg concentrations, respectively. At the maximum 
operating temperature of 131 °C these enhancements were 83% and 100%. The sensor 
showed highly sensitive and stable responses towards mercury and in presence of 
different interferant gases. The modified device response reduction was approximately 9% 
and 1% was observed at 10.55 and 1.02 mg/m3 mercury concentrations at 89 °C in 
presence of ammonia interferant while the change was 7% and 1% was observed at 
10.55 and 1.02 mg/m3 Hg concentrations at 89 °C in the presence of humidity. Sensor 
degradation was negligible after 60 days of harsh testing with mercury and interferant 
gases. Changes in QCM electrode surface morphology were observed due to mercury 
amalgamation with gold. 
 
In case of TiO2: The performance of 20 nm gold coated nanoporous TiO2 QCM was 
investigated. Sensor responses to mercury exposure with and without the presence of 
humidity and ammonia were measured at different temperatures. In comparison with non-
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modified QCM, at room temperature (27 °C) increase of 5% and 74% in response was 
observed at 10.55 and 1.02 mg/m3 mercury concentrations, respectively. At the maximum 
operating temperature of 131 °C these enhancements were 5% and 43%. The sensor 
showed highly sensitive and stable responses towards mercury and in presence of 
different interferant gases as well. The modified device response reduction was negligible 
(less than 2%) in the presence of both ammonia and humidity at 89 °C. Sensor 
degradation was negligible after 30 days of harsh testing with mercury and interferant 
gases. Changes in QCM electrodes surface morphologies were observed due to mercury 
amalgamation with gold.  
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7 Conclusions and suggestions for further work 
7.1 Summary and conclusions 
 
The novel ideas of fabricating bulk wave sensors based on thin gold coated nanofeatured 
layers of quartz crystal microbalance electrodes were realized in this PhD thesis. The idea 
was proposed by the author in order to obtain highly selective and sensitive devices. The 
sensors were successfully designed, fabricated and comprehensively studied. A reliable 
system, incorporating the sensors, was designed and set-up to investigate the sensors’ 
performance in mercury and in the presence of other interferant gases.  
 
The idea was proposed by the author, assuming the deposition of a nanofeatured layers 
onto QCM substrates. The assumption was that the higher surface to volume ratio of 
these nanofeatured layers, resulting from the gold coated thermally evaporated 
nanostructured MoO3 and anodized nanoporous TiO2 layers, should produce large 
frequency shifts. Subsequently, the large frequency shifts results in high sensitivity. The 
measurements suggest that the author's assumptions regarding the performance of the 
devices were correct and they had higher sensitivity towards different mercury vapour 
concentrations than the bulk wave sensors with non-modified electrodes reported in the 
literature. 
 
To investigate the feasibility of the proposed nanofeatured QCM sensors for high mercury 
concentrations in the presence of interferant gases, the author conducted a 
comprehensive literature review to select suitable materials. As previously discussed in 
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the introduction, the AT-cut quartz crystal microbalance was proposed. Such a device has 
many advantages; high quality factor, high frequency stability, and temperature stability. 
 
The author analysed the already published information regarding the theory of QCM 
devices and extended the theory for the novel nanofeatured QCM sensors. At the time 
that the author started the thesis nothing had been published on the thin gold layer 
mercury vapour sensors for the detection of mercury in harsh industrial environments. The 
industrial conditions applied on these sensors were imposed by ALCOA and BHP Billiton, 
Australia which include: continuous gaseous flow in alumina refineries for mercury 
concentrations in a range from 1 to 10 mg/m3 at temperatures of 20-80 °C. The 
interferants were humidity and ammonia gas. 
 
The author compiled these works in a creative way to develop a comprehensive body of 
knowledge regarding the physics of bulk acoustic wave generation and propagation. The 
theoretical investigation of the device performance began with the comparison of different 
acoustic wave sensors operating in the presence of mercury vapours. An inclusive 
discussion was carried out using the comparison of mass sensitivities of the different 
devices. Such a study helped to further justify the implementation of QCM devices for 
sensing applications. 
 
An accurate design of the device according to the sensing requirements by the industry 
partners was carried out before commencing the fabrication process. Such a requirement 
was imposed both by the applications of the sensor in specific gas flow rates, mercury, 
ammonia and humidity concentrations as well as pressure inside the gas chamber.  
 
Fabricating a real QCM device was a task that required care and precision. The author 
developed different fabrication processes based on the chosen electrodes and sensitive 
films and conducted the fabrication himself. The fabrication stages included; mask 
designing, thin-film deposition, deposition of the nanofeatured layers, chemically selective 
layers and characterization of the thin films.  
 
One of the most important stages of the fabrication was depositing and investigating the 
quality of the electrodes and sensitive thin films. A comprehensive study of the deposition 
of nanofetaured MoO3 and TiO2 layers on quartz crystal electrodes coated with gold thin 
films was conducted. MoO3 was  deposited using  thermal evaporation. Titanium  and gold 
thin films  were  deposited  using  electron   beam evaporator, RF sputterer, DC sputterer 
and PECS system. Microcharacterizations of these thin films were carried out              
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using SEM, AFM, TEM, XRD, BET and ICP-MS techniques. The titanium and gold films 
sputtering processes were optimized. Titanium and gold layers were deposited with layer 
thicknesses ranging from 10 to 1000 nm. The operational frequencies of the fabricated 
devices were 10 MHz. 
 
A comprehensive experimental study was presented for the mercury sensing devices 
based on AT-cut quartz crystal. The measurements include: scattering parameters and 
quality factor of the devices. Device theoretical calculations using Sauerbrey equation 
were in a good agreement with the experimental results. The measurements for the 
devices with nanostructured MoO3 and nanoporous anodized TiO2 layers were presented. 
The device with a MoO3 layer shows higher frequency shift than TiO2 layers. Mass 
detection limit of these devices were approximately 10 mg/m3, operating at 10 MHz. 
   
The mercury vapour sensing system, comprising of the four sensors, hardware (4 gas 
cylinders to deliver a mixture of four gases into the chamber, mercury generator, humidity 
generator, testing chamber, mass flow controller, light globe heaters, temperature 
controllers, oscillator circuits and frequency counters) and associated software were 
developed, designed and implemented by the author and the project team.  Light globe as 
heating element was employed for heating the sensors to desorb the mercury from 
sensing surface and heating the chamber at desired temperatures. A MS-windows and 
Lab-view based software was developed to control the parameters of the gas delivery unit 
and data was logged via a GPIB card. The program was able to display the data on line 
and store them for later use. 
 
The test chamber designed to accommodate up to four QCM sensors simultaneously. In 
each measurements, at least one of the transducers functioned as the modified sensor 
with nanostructures and the other one as the non-modified sensor. The difference in the 
frequencies generated by the circuits which incorporated the sensing and the original 
resonance frequencies of the devices. This frequency difference corresponds to the 
quantity of the mercury concentration adsorbed/amalgamated onto the active area 
(electrode) of the sensor. The system flow rate was 200 sccm.  
 
For employment of the device for sensing applications the experimental results were 
presented in two sections: sensing results of gold coated nanostructured MoO3 electrode 
of QCM and results of gold coated nanoporous anodized Ti electrode of QCM and these 
sensors were checked with mercury exposure, mercury and humidity exposure, mercury 
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and ammonia exposure and mercury exposure in the presence of both humidity and 
ammonia.  
 
The feasibility of the QCM sensing system was investigated for mercury vapours. The 
devices with MoO3 layers and TiO2 layers have a unique advantage: large surface to 
volume ratio and when coated with the gold sensitive layer can be used as the gas 
selective film. The response of the devices were analysed for different gas species; 
mercury, humidity and ammonia. Different concentrations of all these gases were 
introduced into the gas chamber to measure the frequency shift of the sensing system. 
These experiments show the potential of the sensing system in industrial applications.  
 
Direct adsorption of mercury onto the gold surface and the interaction of mercury with gold 
to form amalgamation were discussed. The mercury adsorbed onto the gold surface 
formed the amalgamation layer on the sensor. This layer was able to selectively adsorb 
the mercury in presence of other interferant species. The device was able to detect 
mercury with concentrations in the range of 1-10 mg/m3 in dynamic measurements. To 
confirm the results different tests were conducted with mercury exposure at various 
concentrations. Furthermore, the repeatability of the system was also examined. The 
system is user-friendly, repeatable, and highly sensitive to the mercury. 
 
To summarize, this work has resulted in a number of significant contributions to the field of 
QCM based sensors. Results were published in 4 refereed journals and proceedings of 
international conferences. 
  
Sensor Letters, Januaury 2008.  
Applied Physics Letters, 2009. 
SPIE International Symposium on Smart Materials, Nano- & Micro-Smart Systems, 
Adelaide, Australia, December 2006. 
MRS Proceedings on Nanoscale Materials, Properties, and Applications, San Francisco, 
CA, USA, April 2007. 
 
In the author's opinion the developed devices offer great commercialisation opportunities. 
The devices offer many advantages and can be employed in many different fields. The 
devices can be employed as gravimetric sensors and for gas sensing applications. The 
sensitivity of the devices are the highest ever achieved among the QCM sensors 
operating at the 10 MHz for mercury sensing. For the fabrication of acoustic wave 
devices, the novel QCM structures offer many advantages such as: large signal response 
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due to the high surface to volume ratio. Furthermore, the quality factors of the QCMs were 
large, which was an advantage in the fabrication of these stable sensors. 
 
7.2 Suggestion for further work 
 
By the introduction of nanofeatured QCM devices based on the author's work, a vast area 
of research on bulk wave devices has been discovered. In saying this, the author 
suggests further research directions as follows: 
 
Fundamental research on other bulk wave device structures 
 
This includes the investigation of: 
• Different materials for the substrates such as langasite that allow operation at high 
temperatures.  
• Different cuts that allow various propagation modes.  
• Different design for the fabrication of devices which include inbuilt heaters. 
• Fabrication of an array of QCMs. 
 
Research on thin layered bulk wave devices for gas sensing applications 
 
Author has already conducted comprehensive study on devices with gold thin films as the 
gas selective layers. The continuation of this research encompasses the investigation on: 
• Different materials for the deposition of the nanofeatured layers. 
• Different sensitive and selective layers. 
• Different methods for the deposition of thin films. 
• Application of other gas selective metal compounds or polymer thin films. 
• Multidisciplinary collaboration with material scientists, physicists and chemists to 
investigate different metal compounds or polymers for the deposition of the gas 
selective layers. 
• Search for other methods of nanostructuring the surface such as application of 
UV-assisted anodization to form nanopores and highly sensitive and stable 
surfaces. 
• Application of highly selective materials that can operate in contact with volatile 
gases such as toluene and organic compounds. 
 
